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Preface 


Geoengineering,  the  large-scale,  persistent,  intentional  altering  of  the  globe’s  climate,  is  increas¬ 
ingly  mentioned  as  a  potential  response  to  climate  change.  But  evaluating  the  risks  associated 
with  any  policy  toward  geoengineering  confronts  deep  uncertainties  concerning  not  only  the 
desirability  of  deploying  such  systems  but  also  the  consequences  of  conducting  research  and 
large-scale  experiments  on  climate  modification.  This  report  demonstrates  a  decision  frame¬ 
work  for  conducting  a  risk  analysis  under  such  conditions  of  deep  uncertainty.  It  also  pro¬ 
vides  an  initial  evaluation  of  alternative  near-term  policies  the  U.S.  government  might  pursue 
regarding  the  governance  of  geoengineering  research.  The  analysis  utilizes  a  vulnerability-and- 
response-option  analysis  decision  framework,  based  on  robust  decisionmaking  methods  and 
utilizing  a  simple  Bayesian  belief  net  simulation,  to  compare  the  risks  of  alternative  policy 
choices.  The  robust  decisionmaking  concepts  employed  in  this  report  have  been  widely  used 
by  the  RAND  Corporation  to  address  many  climate-related  and  other  policy  questions  but 
heretofore  have  not  been  applied  to  questions  of  geoengineering. 

This  report  should  be  of  interest  to  policymakers,  scholars,  and  researchers  interested  in 
the  governance  of  geoengineering  research,  development,  eventual  deployment,  and,  especially, 
the  security  implications  of  geoengineering. 

This  report  is  a  product  of  the  RAND  Corporation’s  continuing  program  of  self-initiated 
independent  research.  Support  for  such  research  is  provided,  in  part,  by  donors  and  by  the 
independent  research  and  development  provisions  of  RAND’s  contracts  for  the  operation  of  its 
U.S.  Department  of  Defense  federally  funded  research  and  development  centers.  The  research 
was  conducted  jointly  within  the  RAND  Environment,  Energy,  and  Economic  Development 
Program  (EEED)  of  RAND  Infrastructure,  Safety,  and  Environment  (ISE)  and  the  Acquisi¬ 
tion  and  Technology  Policy  Center  of  the  RAND  National  Defense  Research  Institute. 

The  RAND  National  Defense  Research  Institute  is  a  federally  funded  research  and  devel¬ 
opment  center  sponsored  by  the  Office  of  the  Secretary  of  Defense,  the  Joint  Staff,  the  Unified 
Combatant  Commands,  the  Navy,  the  Marine  Corps,  the  defense  agencies,  and  the  defense 
Intelligence  Community.  For  more  information  on  the  Acquisition  and  Technology  Policy 
Center,  see  http://www.rand.org/nsrd/about/atp.html  or  contact  the  director  (contact  informa¬ 
tion  is  provided  on  the  web  page). 

The  mission  of  ISE  is  to  improve  the  development,  operation,  use,  and  protection  of 
society’s  essential  physical  assets  and  natural  resources  and  to  enhance  the  related  social  assets 
of  safety  and  security  of  individuals  in  transit  and  in  their  workplaces  and  communities.  The 
EEED  research  portfolio  addresses  environmental  quality  and  regulation,  energy  resources  and 
systems,  water  resources  and  systems,  climate,  natural  hazards  and  disasters,  and  economic 
development — both  domestically  and  internationally.  EEED  research  is  conducted  for  govern- 
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ment,  foundations,  and  the  private  sector.  Information  about  the  Environment,  Energy,  and 
Economic  Development  Program  is  available  online  (http://www.rand.org/ise/environ).  Inqui¬ 
ries  about  EEED  projects  should  be  sent  to  the  following  address: 

Keith  Crane,  Director 

Environment,  Energy,  and  Economic  Development  Program,  ISE 

RAND  Corporation 

1200  South  Hayes  Street 

Arlington,  VA  22202-5050 

703-413-1100,  x5520 

Keith_Crane@rand.org 

Questions  or  comments  about  this  report  should  be  sent  to  the  project  leader,  Robert 
Lempert  (Robert_Lempert@rand.org). 
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Summary 


Geoengineering — the  deliberate  altering  of  the  earth’s  climate — represents  a  risky  and,  for 
many,  a  frightening  proposition.  But  the  concept  has  attracted  increasing  interest  in  recent 
years  because  of  its  potential  ability  to  significantly  transform  the  portfolio  of  options  for 
limiting  the  magnitude  of  future  climate  change.  In  contrast  to  most  approaches  for  reducing 
greenhouse  gas  emissions,  some  geoengineering  approaches  could  prove  fast  acting  and  inex¬ 
pensive  and  could  be  deployed  by  one  or  a  small  number  of  nations  without  global  coopera¬ 
tion.  These  characteristics  present  significant  challenges  for  risk  management,  national  secu¬ 
rity,  and  international  governance  that  have  only  just  begun  to  be  seriously  considered. 

This  report  provides  an  initial  examination  and  comparison  of  the  risks  associated  with 
alternative  international  approaches  the  United  States  might  pursue  to  governing  solar  radia¬ 
tion  management  (SRM)  geoengineering.  To  handle  the  extensive,  wide-ranging  uncertain¬ 
ties,  we  employ  a  vulnerability-and-response-option  analysis  decision  framework.  Specifically, 
we  identify  scenarios  in  which  alternative  U.S.  policies  toward  geoengineering  governance 
might  fail  to  meet  their  goals  and  suggest  how  alternative  policies  might  reduce  those  vulner¬ 
abilities.  The  report  implements  this  approach  using  a  simple  simulation  model  to  conduct  the 
first  steps  of  a  robust  decisionmaking  (RDM)  analysis.  The  analysis  identifies  some  of  the  risks 
of  three  commonly  debated  near-term  approaches  to  managing  geoengineering  research:  estab¬ 
lishing  strong  norms  for  research,  banning  research  entirely,  or  leaving  research  unregulated. 

This  report  aims  to  serve  three  purposes.  First,  it  demonstrates  the  potential  ability  for  a 
risk  analysis  based  on  a  vulnerability-and-response-option  analysis  framework  to  inform  the 
debate  on  geoengineering.  Second,  it  helps  define  the  steps  needed  to  conduct  a  full  RDM 
analysis  to  address  such  governance  issues.  Third,  it  provides  some  intriguing,  if  only  sugges¬ 
tive,  policy  results. 

This  analysis  compared  three  alternative  policies  the  U.S.  government  might  pursue 
regarding  near-term  geoengineering  governance.  The  report  focuses  on  SRM  technologies 
because  these  technologies  offer  the  full  range  of  characteristics  that  make  geoengineering  both 
so  alluring  and  dangerous:  possibly  fast  acting,  potentially  relatively  inexpensive,  and  likely  to 
cause  global  consequences  from  even  unilateral  action. 

Under  Strong  Norms,  the  U.S.  government  would  encourage  the  establishment  of  inter¬ 
national  norms  to  govern  geoenginering  research.  Under  Ban,  the  United  States  would  pro¬ 
mote  a  prohibition  on  any  geoengineering  research.  Under  No  Norms,  the  United  States  would 
actively  discourage  the  formation  of  norms  governing  research.  A  comparison  of  the  perfor¬ 
mance  of  these  three  strategies  across  many  plausible  future  states  of  the  world  suggests  that,  if 
U.S.  policymakers  believe  that  some  type  of  SRM  technology  is  possible,  they  ought  to  prefer 
the  Strong  Norms  policy  to  No  Norms  or  Ban.  Under  such  conditions,  this  option  outper- 


XI 


xii  Governing  Geoengineering  Research 


forms  the  alternatives  because  it  increases  the  likelihood  of  a  successful  deployment  in  those 
cases  in  which  geoengineering  proves  useful.  It  also  reduces  the  likelihood  of  failed  deploy¬ 
ments  by  nations  struggling  to  respond  to  serious  climate  impacts. 

If  U.S.  policymakers  believe  that  no  SRM  geoengineering  technology  is  likely  to  succeed, 
they  might  prefer  the  Ban  or  No  Norms  policy  to  Strong  Norms.  The  Ban  policy  appears  the 
better  of  the  two  if  policymakers  believe  that  climate  change  is  highly  unlikely  to  prove  cata¬ 
strophic.  Under  such  conditions,  this  option  reduces  the  risks  of  overconfidence — deploying  a 
geoengineering  system  that  passes  its  tests  but  fails  in  practice.  This  option  also  increases  the 
likelihood  of  reaching  an  international  agreement  to  reduce  greenhouse  gas  emissions. 

In  contrast,  U.S.  policymakers  might  prefer  No  Norms  to  Strong  Norms  or  Ban  if  they 
believe  that  SRM  technologies  are  unlikely  to  work  but  that  climate  change  could  prove  cata¬ 
strophic.  Under  such  conditions  and  a  Ban  policy,  some  other  nation  might  defy  the  prohibi¬ 
tion,  test,  and  then  deploy  a  SRM  system  that  subsequently  fails.  The  absence  of  research  norms 
might  lead  to  uncoordinated  tests  by  several  nations,  undermining  the  ability  to  learn  from  any 
test.  Thus,  in  this  case,  the  absence  of  research  norms  might  prove  more  effective  than  the  Ban 
at  preventing  unsuccessful  geoengineering  deployments  under  dire  circumstances. 

Many  caveats  attend  these  initial  results.  The  analysis  considers  only  a  small  set  of  the 
options  available  to  the  U.S.  government.  The  report  focuses  only  on  the  decisions  of  national 
governments  and  does  not  explicitly  consider  the  choices  of  private  firms  and  other  nongovern¬ 
mental  actors  that  might  influence  the  evolution  of  geoengineering  policies.  A  more-complete 
RDM  analysis  with  an  enhanced  simulation  model  would  likely  suggest  additional  vulnerabil¬ 
ities  beyond  those  identified  here  and  likely  identify  ways  to  ameliorate  at  least  some  of  them. 
However,  this  report  does  demonstrate  an  approach  to  risk  analysis  under  conditions  of  deep 
uncertainty  that,  in  an  expanded  form,  could  help  U.S.  policymakers  develop  and  evaluate 
robust  policies  toward  geoengineering  governance.  The  study  also  offers  some  initial  insights 
about  the  future  conditions  under  which  alternative  approaches  for  governing  geoengineer¬ 
ing  research  might  not  perform  as  expected,  provides  some  initial  suggestions  regarding  the 
trade-offs  among  such  strategies,  and  describes  next  steps  that  could  result  in  a  more-complete 
assessment  of  the  trade-offs  among  alternative  near-term  policies  for  managing  the  risk  and 
opportunities  of  geoengineering. 


Acknowledgments 


We  are  grateful  for  Charles  Meade’s  assistance  in  conducting  part  of  the  research  reported 
here.  We  gratefully  acknowledge  our  reviewers  James  Bonomo  and  Jason  Blackstock,  whose 
thoughtful  comments  and  criticisms  helped  us  significantly  improve  this  document.  Lisa  Ber¬ 
nard  provided  much- appreciated  editorial  assistance.  We  gratefully  acknowledge  the  generous 
support  of  the  RAND  Corporation  for  conducting  this  work. 


Abbreviations 


ABP 

assumption-based  planning 

BBN 

Bayesian  belief  network 

CDR 

carbon  dioxide  removal 

co2 

carbon  dioxide 

ppm 

parts  per  million 

R&D 

research  and  development 

RDM 

robust  decisionmaking 

SRM 

solar  radiation  management 

SWCE 

short-wave  climate  engineering 

xv 


CHAPTER  ONE 


Introduction 


Geoengineering — the  deliberate  altering  of  the  earth’s  climate — represents  a  risky  and,  for 
many,  frightening  proposition.  But  the  concept  has  attracted  increasing  interest  in  recent  years 
because  of  its  potential  ability  to  significantly  transform  the  portfolio  of  options  for  limiting 
the  magnitude  of  future  climate  change.  In  particular,  some  studies  estimate  that  some  geo¬ 
engineering  approaches  could  cost  orders  of  magnitude  less  than  reducing  greenhouse  gas 
emissions  and  could  show  environmental  benefits  much  sooner — in  months  to  years,  rather 
than  in  decades  (Barrett,  2008;  Victor,  2008;  Royal  Society,  2009).  Furthermore,  it  has  been 
suggested  that  one  or  a  few  nations  could  deploy  geoengineering  systems  without  cooperation 
from  the  rest  of  the  world  (Victor  et  ah,  2009).  These  features  make  geoengineering  potentially 
attractive  given  the  emerging  scientific  evidence  that  even  a  small  rise  in  global  temperatures 
might  pose  significant  dangers  and  given  the  potential  difficulties  of  achieving  large  global 
reductions  of  greenhouse  gases  over  the  next  few  decades. 

But  geoengineering  also  presents  significant  risks.  Many  approaches  aimed  at  reducing 
global  temperatures  could  have  potentially  severe  adverse  side  effects.  Some  impacts,  such  as 
exacerbating  droughts  or  eroding  the  ozone  layer,  are  already  well  recognized  by  scientists  even 
if  those  scientists  disagree  about  the  seriousness  of  the  potential  problems  (Keith,  2000;  Bala, 
Duffy,  and  Taylor,  2008;  Caldeira  and  Wood,  2008).  Other  adverse  impacts  could  remain 
complete  surprises  until  a  geoengineering  system  is  deployed.  In  contrast  to  many  investments 
aimed  at  reducing  emissions,  which  might  be  difficult  to  implement  but  that,  once  in  place, 
are  relatively  easy  to  sustain,1  many  geoengineering  approaches  would  require  extensive  efforts 
to  maintain  over  centuries  or  more.  Relaxing  such  efforts  could  lead  to  rapid  and  catastrophic 
climate  impacts  as  the  global  climate  quickly  warms,  precluding  social  and  environmental 
adaptation  (Goes,  Keller,  and  Tuana,  2010).  In  addition,  because  some  nations  could  imple¬ 
ment  geoengineering  unilaterally,  the  approach  raises  an  entirely  different  set  of  political  and 
security  concerns  from  those  raised  by  efforts  to  limit  global  emissions.  With  geoengineering, 
one  or  several  nations  could  quite  plausibly  improve  the  climate  for  themselves  while  making 
it  much  worse  for  others  (Victor,  2008). 

These  characteristics  of  potential  geoengineering  systems  present  significant  challenges 
for  risk  management,  national  security,  and  international  governance.2  Over  the  past  few  years, 
an  increasing  number  of  articles  and  studies  have  begun  to  suggest  that  the  best  near-term 


1  Lempert,  Popper,  Resetar,  and  Hart  (2002)  report  that,  once  made,  many  investments  in  emission-producing  infrastruc¬ 
ture  can  remain  in  place  for  many  decades,  despite  changing  economic  and  regulatory  conditions. 

2  Recent  discussions  of  the  security  and  governance  challenges  of  geoengineering  include  Victor  (2008),  Lin  (2009),  Bar¬ 
rett  (2008),  and  Fleming  (2007). 
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approach  to  control  these  risks  requires  national  governments  and  scientific  societies  to  estab¬ 
lish  research  norms — that  is,  codes  of  conduct — for  any  research  on  geoengineering  systems. 
For  instance,  a  recent  report  by  the  Royal  Society  (2009,  p.  xii)  recommends  the  following: 

The  Royal  Society  in  collaboration  with  international  scientific  partners  should  develop  a 
code  of  practice  for  geoengineering  research  and  provide  recommendations  to  the  inter¬ 
national  scientific  community  for  a  voluntary  research  governance  framework.  .  .  .  This 
should  include  .  .  .  the  establishment  of  a  de  minimus  [sic]  standard  for  the  regulation  of 
research.3 

The  Royal  Society  and  other  commentators  (Cicerone,  2006;  Victor,  2008;  Lin,  2009) 
reject  an  outright  ban  on  geoengineering  research  because,  in  some  particularly  dire  climate- 
change  scenarios,  geoengineering  might  prove  necessary  and  the  lack  of  extensive  prepara¬ 
tory  research  might  render  potentially  attractive  options  unavailable  or  more  likely  to  fail  if 
nonetheless  deployed.  These  commentators  also  stress  the  dangers  of  leaving  geoengineering 
unregulated,  emphasizing  the  need  for  some  international  rules  governing  research  to  prevent 
environmental  damage  from  tests  and  to  smooth  the  way  for  future  international  agreements 
governing  any  deployment  of  such  systems. 

Although  there  have  been  some  initial  attempts  to  evaluate  the  risks  of  individual  geoen¬ 
gineering  technologies  (see,  for  instance,  Royal  Society,  2009;  Boyd,  2008),  few  have  attempted 
a  systematic  risk  assessment  and  comparison  of  alternative  approaches  for  governing  geoengi¬ 
neering  research,  testing,  and  development.4  In  large  part,  this  derives  from  the  complicated 
and  uncertain  string  of  events  such  research  and  development  might  initiate.  Most  geoengi¬ 
neering  technologies  exist  today  only  as  notional  concepts  sketched  by  scientists.  The  future 
impacts  that  any  potential  systems  might  have  on  those  who  deploy  them  and  on  others  world¬ 
wide  will,  at  best,  remain  deeply  uncertain  until  the  principles  underlying  proposed  systems 
have  been  rigorously  tested  and  the  system  engineering  completed.  More  troubling,  given  the 
complexity  of  the  climate  system,  is  the  fact  that  many  geoengineering  deployments  will  likely 
produce  impossible-to-predict  surprises,  some  relatively  benign  and  others  potentially  signifi¬ 
cant.  The  potential  for  such  unknown  unknowns  complicates  any  serious  assessment  of  geoen¬ 
gineering  governance.  In  addition,  technical  uncertainties  are  only  a  small  set  of  the  full  range 
of  uncertainties  surrounding  geoengineering.  At  least  as  important  are  political  questions,  such 
as  the  impacts  a  vigorous  geoengineering  program  might  have  on  international  efforts  to  con¬ 
trol  greenhouse  gas  emissions,  the  willingness  of  various  nations  to  deploy  geoengineering 
in  an  attempt  to  protect  themselves  against  climate-change  impacts,  and  how  other  nations 
would  respond  if  they  perceived  such  deployments  to  be  adversely  affecting  their  interests.  Few 
good  precedents  exist  to  provide  any  solid  basis  for  analysts’  judgments  about  how  nations 
might  react  in  such  novel  and  potentially  trying  circumstances. 

This  report  provides  an  initial  attempt  at  a  systematic  risk  assessment  of  near-term  policies 
regarding  geoengineering  governance  that  the  U.S.  government  might  pursue.  The  analysis  is 
clearly  preliminary,  but  this  report  aims  to  serve  three  useful  purposes.  First,  any  attempt  to 


3  Also  see  the  results  of  a  recent  expert  meeting  at  Asilomar  that  attempted  to  craft  guidelines  for  geoengineering  research 
(Kintisch,  2010). 

^  Some  recent  analyses — for  instance,  Bickel  and  Lane  (2009) — -still  largely  neglect  any  evaluation  of  geoengineering  risks 
in  their  cost-benefit  analyses.  In  contrast,  other  commentators  focus  almost  entirely  on  the  risks  of  geoengineering  (Flem¬ 
ing,  2007). 
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assess  the  risks  of  geoengineering  policies  must  confront  the  deep  uncertainty  that  surrounds 
the  issue.  This  report  demonstrates  the  potential  utility  of  an  approach  to  risk  analysis  under 
such  conditions  of  deep  uncertainty,  based  on  a  vulnerability-and-response-option  decision 
framework  (Lempert,  Nakicenovic,  et  ah,  2004;  Lempert,  Groves,  et  ah,  2006;  Bryant  and  Lem- 
pert,  2010).  Second,  this  report  helps  define  the  steps  needed  to  conduct  a  more-complete  analy¬ 
sis  of  U.S.  geoengineering  governance  using  this  approach.  Third,  it  provides  some  intriguing, 
if  only  suggestive,  policy  results.  In  particular,  it  illustrates  the  (often  unstated)  assumptions 
underlying  arguments  for  alternative  U.S.  policy  choices. 

This  study  focuses  on  what  the  Royal  Society  calls  solar  radiation  management  (SRM) 
geoengineering  technologies.  The  term  geoengineering  applies  to  a  wide  range  of  approaches. 
Some,  which  the  Royal  Society  calls  carbon  dioxide  (CO,)  removal  (CDR),  focus  on  extract¬ 
ing  greenhouse  gases  from  the  atmosphere.  As  summarized  in  Appendix  A,  CDR  technolo¬ 
gies  should  prove  relatively  straightforward  to  manage  because,  as  we  discuss,  they  are  slow 
acting,  comparable  in  expense  to  many  approaches  for  reducing  emissions,  and  likely  to  cause 
any  adverse  effects  only  in  the  regions  where  they  are  deployed.  In  contrast,  SRM  technolo¬ 
gies  reflect  a  small  amount  of  solar  radiation  back  into  space,  thereby  cooling  the  planet  and 
offsetting  some  of  the  heat  trapped  by  increasing  concentrations  of  greenhouse  gases.  Further¬ 
more,  SRM  will  reduce  the  average  global  temperatures  irrespective  of  the  underlying  cause  of 
climate  warming  (although  some  regional  changes  could  be  detrimental).  These  technologies 
offer  the  full  range  of  characteristics  that  make  geoengineering  both  so  alluring  and  so  dan¬ 
gerous:  possibly  fast  acting,  potentially  relatively  inexpensive,  and  likely  to  cause  global  conse¬ 
quences  from  unilateral  action.  As  described  by  Victor  (2008,  p.  323),  SRM  technologies  could 
“turn  the  politics  of  climate  protection  upside  down.” 

This  report  employs  a  multiscenario  vulnerability-and-response-option  analysis  to  handle 
the  extensive,  wide-ranging  uncertainties,  including  the  potential  for  surprise  (Lempert, 
Popper,  and  Bankes,  2002),  that  confront  any  analysis  of  geoengineering  policy.  In  particu¬ 
lar,  the  analysis  aims  to  identify  future  conditions  in  which  each  of  three  commonly  debated 
near-term  approaches  to  managing  geoengineering — establishing  strong  norms  for  research, 
banning  research  entirely,  or  leaving  research  unregulated — would  fail  to  achieve  U.S.  poli¬ 
cymakers’  goals.  The  resulting  scenarios  combine  a  range  of  key  factors,  including  the  future 
performance  of  geoengineering  technologies,  the  seriousness  of  future  climate  impacts,  the 
international  community’s  ability  to  jointly  implement  programs  to  reduce  greenhouse  gas 
emissions  and  regulate  any  geoengineering  deployments,  and  the  influence  of  geoengineering 
research  programs  on  efforts  to  reduce  greenhouse  gas  emissions.  The  semiquantitative  vulner¬ 
ability  analysis  offered  by  this  report  represents  a  partial  implementation  of  a  robust  decision¬ 
making  (RDM)  analysis,  an  approach  for  quantitative  policy  analysis  under  conditions  of  deep 
uncertainty  (Lempert,  Popper,  and  Bankes,  2003). 

This  report’s  preliminary  vulnerability  analysis  suggests  that  the  research-norm  strategy 
proposed  by  the  Royal  Society  and  others  might  prove  a  reasonable  near-term  approach  for 
managing  SRM  geoengineering  technologies.  But,  for  U.S.  policymakers  to  pursue  such  a 
strategy,  they  should  believe  that  some  type  of  SRM  approach  is  technically  feasible.  If,  on  the 
other  hand,  they  believe  that  no  SRM  technology  is  likely  to  succeed,  then  they  might  alter¬ 
natively  prefer  using  a  ban  or  even,  under  some  assumptions  about  future  climate  conditions, 
a  near-term  strategy  that  blocks  any  international  controls  over  research  on  such  technologies. 
We  must  emphasize,  however,  that  these  are  initial  observations  that  require  further  study.  For 
instance,  a  more-complete  RDM  analysis  might  identify  ways  in  which  policymakers  could 
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modify  a  strategy  promoting  strong  research  norms  in  order  to  ameliorate  some  of  the  poten¬ 
tial  vulnerabilities  described  here. 

The  next  chapter  reviews  the  conditions  that  might  lead  one  or  more  nations  to  deploy 
SRM  technologies  and  the  reasons  that  the  United  States  might  pursue  a  near-term  norm- 
creation  strategy  to  manage  the  risk  of  such  technologies.  The  third  chapter  presents  the 
vulnerability-and-response-option  analysis  methodology  for  examining  alternative  near-term 
U.S.  government  policies  toward  geoengineering  governance.  The  fourth  chapter  presents  the 
findings  of  such  analysis.  The  final  chapter  summarizes  the  policy  implications  and  suggests 
next  steps  that  could  result  in  a  more-complete  assessment  of  the  trade-offs  among  alternative 
near-term  policies  for  managing  the  risk  and  opportunities  of  geoengineering.  Three  appen¬ 
dixes  survey  geoengineering  technologies  and  provide  details  of  the  simulation  model  used  in 
this  study. 


CHAPTER  TWO 


Governance  and  Security  Challenges 


To  understand  the  implications  of  alternative  policies  for  governing  geoengineering  research, 
it  is  important  to  consider  the  circumstances  that  might  lead  a  government  to  deploy  a  geoen¬ 
gineering  system. 

Geoengineering  has  gained  interest  because  limiting  the  magnitude  of  climate  change 
by  reducing  greenhouse  gas  emissions  presents  a  difficult  policy  challenge.  Atmospheric  con¬ 
centrations  of  greenhouse  gases  have  been  growing  at  about  0.4  percent  annually  for  the  past 
half-century,  largely  due  to  human  combustion  of  fossil  fuels.  To  date,  global  temperatures 
have  risen  by  about  1  degree  Celsius  above  preindustrial  levels,  driven  in  large  part  by  this 
increase  in  greenhouse  gas  concentrations.  Given  the  time  lags  in  the  climate  system,  primar¬ 
ily  the  large  thermal  inertia  of  the  oceans  and  the  longevity  of  carbon  in  the  atmosphere,  this 
warming  would  continue  for  decades  or  more  even  if  all  human  emissions  ceased  immediately 
(Solomon  et  ah,  2009).  But,  for  more  than  two  centuries,  fossil-fuel  use  has  powered  economic 
growth  and  higher  standards  of  living.  At  present,  many  developing  countries  use  less  than 
one-fifth  of  the  energy  per  person  than  much-richer  developed  nations.  Thus,  stabilizing  and 
then  reducing  atmospheric  concentrations  of  greenhouse  gases  in  a  growing  global  economy 
will  require  an  unprecedented  transformation  of  the  world’s  energy,  industrial,  and  transporta¬ 
tion  systems  that,  at  best,  will  take  decades. 

Implementing  policies  to  foster  such  a  transformation  has,  not  surprisingly,  proved  dif¬ 
ficult.  As  of  this  writing,  the  European  Union,  some  U.S.  states,  and  a  handful  of  national 
governments  have  legislated  long-term  goals  for  significant  reductions  of  greenhouse  gas  emis¬ 
sions.  But  realizing  these  commitments  remains  a  significant  challenge  even  in  these  jurisdic¬ 
tions,  and  stabilizing  concentrations  will  require  global  reductions,  and  a  wide  range  of  coun¬ 
tries,  including  the  United  States  and  China,  have  yet  to  commit  to  such  goals. 

The  consequences  of  failing  to  stabilize  atmospheric  concentrations  of  greenhouse  gases 
also  remain  deeply  uncertain.  On  one  hand,  even  significant  amounts  of  climate  change  might 
ultimately  prove  sufficiently  benign  that  humans  have  little  trouble  adapting  to  any  changes 
that  occur.  But  the  consequences  of  climate  change  could  also  prove  severe  (NRC,  2010a;  Ber¬ 
nstein,  Pachauri,  and  Reisinger,  2008).  In  particular,  there  is  some  evidence  that  the  climate 
system  might  be  approaching  “tipping  points”  at  which  adverse  changes  begin  to  accelerate 
(NRC,  2002;  Clark  et  ah,  2008;  Weitzman,  2009).  Lenton  et  al.  (2008)  attempts  to  rank  sev¬ 
eral  climatic  tipping  points  by  the  potential  risk  to  society.  More  recently,  Rockstrom  et  al. 
(2009)  has  attempted  to  define  numeric  planetary  boundaries — points,  such  as  atmospheric 
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CO,  concentrations,  beyond  which  society  cannot  afford  to  proceed.1  In  the  worst  cases,  such 
tipping  points  could  become  unavoidable  unless  the  most-ambitious  goals  for  emission  reduc¬ 
tions  over  the  next  few  decades  are,  in  fact,  realized  (Hansen  et  ah,  2008). 


Geoengineering  Deployments  and  Their  Risks 

Given  this  context,  there  are  several  situations  that  might  lead  one  or  more  nations  to  deploy 
SRM  geoengineering  systems.  In  each  case,  the  nations  would  be  driven  by  the  potentially 
low  cost  of  such  systems,  the  speed  with  which  they  could  counter  adverse  effects  of  climate 
change,  and  the  potential  for  such  a  system  to  prove  effective  without  global  participation  in 
its  deployment  and  operation. 

In  one  situation  that  might  lead  to  a  geoengineering  deployment,  the  world’s  nations 
might  fail  to  sufficiently  reduce  emissions  of  greenhouse  gases.  As  damage  from  climate  change 
mounts,  one  or  more  nations  might  take  matters  into  their  own  hands  and  deploy  an  SRM 
system  in  an  attempt  to  halt  impacts  they  found  particularly  detrimental.  For  instance,  such  a 
deployment  might  seek  to  save  coastal  areas  at  risk  of  submersion  by  halting  the  breakup  of  ice 
sheets  and  thermal  expansion  of  the  oceans,  or  might  seek  to  break  a  long-term  drought  that 
engulfed  some  nation’s  agricultural  lands.  If  deployed  under  these  conditions,  the  geoengi¬ 
neering  system  would  likely  have  to  remain  in  operation  for  centuries  to  counteract  the  global 
warming  resulting  from  the  continued  buildup  of  greenhouse  gases. 

In  another  situation  that  might  lead  to  a  geoengineering  deployment,  the  world’s  nations 
might  successfully  hold  future  greenhouse  gases  to  low  levels.  But  even  this  achievement  might 
prove  insufficient  to  prevent  the  onset  of  catastrophic  change  if  the  climate  system  nears  some 
tipping  point.  One  or  more  nations,  or  many  nations  operating  under  an  international  agree¬ 
ment,  might  deploy  an  SRM  system  in  an  attempt  to  prevent  catastrophic  climate  shifts.  If 
deployed  under  these  conditions,  the  geoengineering  system  would  have  to  remain  in  operation 
for  several  decades  while  greenhouse  gas  concentrations  peaked  and  finally  began  to  decline.2 

In  another  situation  that  might  lead  to  a  deployment,  one  or  more  nations  might  decide 
that  geoengineering  provides  a  much  less  expensive  means  for  addressing  any  adverse  impacts 
that  climate  change  poses  for  their  countries  and  deploy  a  system  as  an  alternative  to  reducing 
greenhouse  gases.  If  deployed  under  these  conditions,  the  geoengineering  system  would  likely 
have  to  remain  in  operation  for  centuries  to  counteract  the  continued  buildup  of  greenhouse 
gases. 

Despite  any  potential  attractiveness,  deployment  and  even  research  on  such  SRM  systems 
in  these  or  any  other  cases  also  pose  some  profound  risks,  which  a  small  number  of  recent  stud¬ 
ies  have  only  just  begun  to  assess. 


1  Energy  secretary  Steven  Chu  (2009)  has  warned  that  many  scientists  fear  that  allowing  atmospheric  concentrations  of 
C02  to  exceed  450  parts  per  million  (ppm)  might  lead  to  such  an  abrupt  change: 

The  real  danger  with  global  warming  will  be  the  tipping  point.  As  polar  ice  caps  melt,  the  thaws  could  expose  microbes, 
which  would  release  carbon  dioxide  in  quantities  that  would  outstrip  any  reductions  humans  could  make  in  their  carbon- 
dioxide  emissions. 

2  Deployment  of  CDR  geoengineering  technologies  could  reduce  atmospheric  greenhouse  gas  concentrations  once  emis¬ 
sions  drop  to  sufficiently  low  levels. 
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The  Royal  Society  (2009)  and  Boyd  (2008)  provide  qualitative  tabulations  of  the  benefits 
and  adverse  impacts  of  various  geoengineering  technologies.  The  Royal  Society  evaluates  the 
effectiveness,  affordability,  timeliness,  and  safety  of  such  systems.  Stratospheric  aerosol  injec¬ 
tion  technology,  which  would  inject  tiny  particles  into  the  stratosphere  to  reflect  incoming 
solar  radiation,  achieves  the  highest  ranking  for  the  first  three  attributes  but  presents  serious 
safety  concerns,  including  adverse  effects  on  regional  hydrologic  cycles,  stratospheric  ozone, 
high- altitude  troposphere  clouds,  and  biological  productivity.  (See  Appendix  A  for  a  descrip¬ 
tion  of  this  and  other  SRM  technologies.)  Space-based  methods,  which  use  orbiting  mirrors 
to  reduce  the  sunlight  reaching  the  earth,  rank  high  on  effectiveness  but  low  on  affordability 
and  timeliness.  The  society  assumes  that  it  could  take  decades  to  deploy  the  necessary  reflectors 
into  space.  Space-based  methods  rank  medium  on  safety,  reflecting  possible  impacts  on  hydro- 
logical  cycles.  The  society  ranks  the  cloud-albedo  enhancement  approach,  which  increases 
cloud  cover  by  spraying  fine  particles  into  the  air  above  the  ocean,  as  medium  on  effectiveness, 
affordability,  and  timeliness,  largely  reflecting  uncertainty  about  how  such  systems  might  per¬ 
form.  Testing  might  prove  such  system  to  be  effective  or  not.  The  society  gives  cloud-albedo 
approaches  a  low  ranking  for  safety,  reflecting  their  potential  impacts  on  weather  patterns  and 
ocean  currents. 

Boyd  has  similarly  evaluated  stratospheric  aerosols  and  cloud-whitening  SRM  approaches 
(as  well  as  the  ocean  fertilization,  atmospheric  carbon  capture,  and  geochemical  carbon- 
capture  CDR  approaches)  using  attributes  similar  to  those  used  by  the  Royal  Society,  which 
he  terms  efficacy,  affordability,  safety,  and  rapidity.  Boyd’s  rankings  differ  somewhat  from  the 
Royal  Society’s.  For  instance,  in  contrast  to  the  society,  Boyd  gives  cloud  whitening,  as  well  as 
stratospheric  aerosols,  the  highest  possible  scores  for  their  rapidity  in  slowing  climate  change, 
as  well  as  their  ability  to  implement  an  emergency  stop.  (Note  that  Boyd’s  rapidity  attribute 
also  includes  the  rate  at  which  the  geoengineering  intervention  could  be  shut  down  if  adverse 
effects  proved  much  larger  than  expected.)  Boyd  gives  aerosols  and  cloud  whitening  similar 
scores  for  efficacy  and  ranks  the  latter  higher  for  affordability.  Similarly  to  the  Royal  Society, 
Boyd  ranks  cloud  whitening  as  somewhat  safer  than  stratospheric  aerosols. 

The  differences  between  the  Royal  Society’s  and  Boyd’s  rankings  might,  in  large  part, 
reflect  the  shortcomings  of  any  semiqualitative  ranking  scheme  that  conflates  judgments  about 
the  impacts  of  a  technology,  the  probability  of  those  impacts,  and  any  uncertainty  about  the 
estimates  of  both  the  impacts  and  their  probabilities.  These  differing  estimates  of  impact  and 
likelihood  might  be  disentangled  with  more-quantitative  risk  assessments. 

Goes,  Keller,  and  Tuana  (2010)  has  provided  one  of  the  few  quantitative  risk  assessments 
of  geoengineering  systems.  The  authors  use  a  simple  integrated  assessment  model  to  compare 
the  costs  and  benefits  for  sulfate  aerosol  geoengineering  and  greenhouse  gas  emission  abate¬ 
ment  as  a  function  of  uncertainties  about  the  climate  sensitivity,  the  damage  from  climate 
change,  the  costs  of  reducing  greenhouse  gas  emissions,  and  the  ability  of  future  generations 
to  maintain  a  geoengineering  intervention  once  started.  The  first  two  uncertainties  help  char¬ 
acterize  the  potential  impacts  of  climate  change.  The  more  serious  and  rapid  the  potential  for 
such  change,  the  more  important  it  becomes  to  implement  some  combination  of  emission 
reductions  and  geoengineering.  The  third  assumption  characterizes  the  attractiveness  of  poli¬ 
cies  that  rely  on  emission  reductions.  The  fourth  assumption  characterizes  some  of  the  politi¬ 
cal  uncertainties  associated  with  deploying  geoengineering.  Goes  and  his  coauthors  find  that 
two  assumptions  dominate  any  judgments  about  geoengineering’s  cost-effectiveness:  the  costs 
of  any  adverse  side  effects  and  the  ability  to  maintain  the  system  in  place  for  centuries.  An 
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SRM  geoengineering  system  will  appear  cost-effective  if  decisionmakers  are  very  certain — on 
the  order  of  90-percent  confident — that  it  can  be  maintained  for  decades  and  that  its  adverse 
impacts  will  prove  smaller  than  about  0.5  percent  of  gross  world  product.  Otherwise,  the  study 
finds  that  the  system’s  risks  outweigh  its  benefits. 

These  quantitative  results  are  consistent  with  the  claims  of  many  commentators  that  one 
of  geoengineering’s  most-important  risks  could  be  political.  One  of  the  earliest  and  enduring 
criticisms  is  that  any  interest  in  the  approach  could  undercut  the  political  resolve  needed  to 
reduce  emissions  of  greenhouse  gases  (Cicerone,  Elliott,  and  Turco,  1992;  Schneider,  1996; 
Schelling,  1996;  Keith,  2000;  Virgoe,  2008;  Royal  Society,  2009).  This  so-called  moral  hazard 
applies  not  only  to  deployment  of  such  geoengineering  systems  but  also  to  research  programs 
that  might  make  future  deployments  seem  more  politically  and  morally  acceptable  and  thus 
more  likely.3  Critics  envision  an  insidious  negative  feedback  in  which  initial  investments  in 
geoengineering  research  could  decrease  efforts  toward  reducing  emissions,  thereby  increasing 
the  incentives  and  need  to  pursue  geoengineering.  Any  SRM  geoengineering  system  confronts 
significant  technical  risks  and  potential  adverse  side  effects  and  would  fail  to  remedy  at  least 
some  effects — most  notably,  ocean  acidification  (Doney  et  ah,  2009) — of  increasing  CO,  con¬ 
centration.  Thus,  any  policy  that  pursues  geoengineering  without  any  serious  efforts  at  mitiga¬ 
tion  is  sure  to  prove  suboptimal.  In  addition,  allowing  greenhouse  gas  concentrations  to  grow 
over  decades  and  centuries  while  offsetting  the  effects  with  increasing  levels  of  geoengineering 
would  place  society  and  the  planet  in  an  increasingly  precarious  and  unstable  position.  If  the 
geoengineering  system  ever  failed  or  were  left  unattended,  global  temperatures  could  rocket 
upward,  generating  climate  change  of  unprecedented  speed  and  scale. 

Geoengineering  systems  also  raise  important  international  security  concerns  because,  in 
some  situations,  they  could  increase  the  risk  of  conflict  among  nations.  The  effects  of  any 
SRM  system  could  vary  across  different  geographic  regions  and  might  ameliorate  some  conse¬ 
quences  of  climate  change  more  than  others.  In  each  of  the  situations  discussed  above,  one  or 
a  few  nations  could  deploy  SRM  geoengineering  to  prevent  some  impact  they  find  particularly 
onerous.  But,  in  so  doing,  they  might  amplify  impacts  in  some  other  region  of  the  world — for 
instance,  increasing  droughts  in  other  nations’  agricultural  lands  or  the  frequency  of  extreme 
storms.  Those  affected,  at  best,  might  demand  compensation  and,  at  worst,  seek  to  destroy  or 
counteract  the  geoengineering  system.  The  potential  difficulty  in  attributing  any  drought  or 
storms  to  the  geoengineering  system,  as  opposed  to  other  climate  change  or  natural  variability, 
could  exacerbate  potential  conflicts,  making  geoengineers  and  perceived  victims  less  likely  to 
even  agree  on  what,  if  any,  damage  had  been  done. 

Even  if  the  disparate  impacts  of  a  geoengineering  system  were  perfectly  understood,  the 
potential  for  prompt,  low-cost,  and  unilateral  control  of  the  climate  seriously  exacerbates  the 
question  of  whose  hands  control  the  global  thermostat.  The  recognition  that  a  few  degrees  of 
warming  might  greatly  enhance  agriculture  in  Siberia  while  turning  California’s  agricultural 
heartland  into  a  desert  already  complicates  negotiations  over  emission  reductions,  even  though 
any  benefits  remain  uncertain  and  would  likely  prove  fleeting  if  emissions  continue  to  rise. 
But  imagine  if  individual  governments  acquired  the  ability  to  tune  the  climate  to  their  liking 
with  sufficient  speed  that  the  resulting  economic  gains  or  losses  became  apparent  in  a  few  short 


3  However,  Polborn  and  Tintelnot  (2009)  model  a  case  in  which  the  potential  for  geoengineering  can  increase  the  chances 
for  aggressive  greenhouse  gas  reductions  because,  under  some  conditions,  one  nation  can  successfully  use  the  threat  to 
deploy  geoengineering  unilaterally  to  compel  others  to  cooperate  with  emission-reduction  efforts. 
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years.  The  pressures  to  tune  the  climate  in  ways  that  benefited  one’s  own  constituencies  at  the 
expense  of  others  might  prove  strong. 

Finally,  there  remains  the  possibility  that  one  or  more  governments  might  use  a  geoengi¬ 
neering  capability  as  a  weapon,  intentionally  inflicting  harm  on  some  other  nation. 


Managing  Geoengineering  with  Research  Norms 

These  geoengineering  risks  have  spawned  much  recent  discussion,  and  some  surprising  con¬ 
sensus,  on  how  geoengineering  ought  to  be  governed,  at  least  in  the  near  term.  The  near-term 
governance  question  is  made  easier  because  so  little  is  known  about  the  practical  challenges 
and  implications  of  geoengineering  systems  that  the  near-term  questions  all  revolve  around 
what  type  of  laboratory  research  and  field  experiments  ought  to  be  conducted  and  under  what 
type  of  oversight.  The  analysis  presented  here  strongly  suggests,  however,  that  any  evaluation 
of  alternative  options  for  near-term  geoengineering  governance  should  take  into  account  the 
uncertain  potential  impacts  such  choices  might  have  on  future  decisions  about  research,  test¬ 
ing,  and  deployment. 

Figure  2.1  shows  five  phases  of  any  geoengineering  program  (Blackstock  et  ah,  2009)  and 
the  level  of  environmental  impact  they  might  entail.  A  program  might  begin  with  noninvasive 
laboratory  research.  For  instance,  a  stratospheric  aerosol  program  might  begin  climate  model¬ 
ing  studies  of  the  potential  impacts  that  such  aerosols  could  have  on  hydrological  cycles;  engi¬ 
neering  feasibility  studies  of  alternative  deployment  options;  and  laboratory  studies  of  the  best 
size,  chemical  composition,  and  means  to  disperse  the  aerosols.  None  of  these  activities  would 
have  any  environmental  impacts. 


Figure  2.1 

Five  Phases  of  a  Geoengineering  Program 


Phase  I  Phase  II  Phase  III  Phase  IV  Phase  V 


Noninvasive  Field  Monitored  Steady-state  Disengagement 

research  experiments  deployment  intervention 


SOURCE:  Blackstock  et  al.  (2009). 

NOTE:  SWCE  =  short-wave  climate  engineering. 


RAND  TR846-2. 1 
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The  next  phase  might  include  field  experiments.  A  stratospheric  aerosol  program  might 
begin  with  small-scale  releases  of  aerosols  to  test  their  chemical  and  optical  properties  in 
actual  atmospheric  conditions.  Some  experiments  have  already  been  conducted  (Izrael  et  ah, 
2009).  Next  might  come  larger  releases  maintained  for  weeks  or  months  or  even  decades  with 
attempts  to  monitor  their  global  and  regional  impacts  on  the  climate.  Although  such  experi¬ 
ments  would  presumably  be  designed  to  have  small  environmental  consequences  and  could  be 
stopped  quickly  if  needed,  they  would  pose  some  level  of  environmental  risk.  There  is  great 
uncertainty  as  to  whether  experiments  can  be  conducted  at  a  large-enough  scale  to  observe 
both  the  desired  and  undesired  impacts — thereby  significantly  reducing  the  risks  of  a  full-scale 
deployment  without  possessing  unacceptable  risk  in  and  of  themselves.  Robock  et  al.  (2010) 
argue  that  geoengineering  cannot  ever  be  effectively  tested  at  subscale,  thus  implying  that  test¬ 
ing  and  deployment  are,  by  necessity,  one  and  the  same. 

The  third  phase  might  involve  a  scale-up  to  full  deployment.  Ideally,  the  process  would  be 
carefully  monitored  to  ensure  that  all  was  unfolding  as  predicted.  If  problems  were  detected, 
deployment  could  be  halted  until  they  were  corrected.  This  scale-up  might  unfold  over  the 
course  of  a  few  years.  The  fourth  phase  might  involve  the  full  geoengineering  intervention, 
which  might  last  for  decades  to  centuries,  depending  on  whether  the  geoengineering  deploy¬ 
ment  were  accompanied  by  significant  reductions  in  greenhouse  gas  emissions.  In  the  final 
phase,  the  deployment  would  be  phased  out. 

Some  commentators  have  advocated  a  ban  on  any  geoengineering  activities  as  the  best 
approach  to  controlling  the  risks  posed  by  geoengineering.  Such  a  ban  would  certainly  apply 
to  any  phase  II  field  experiments  and  potentially  to  phase  I  laboratory  work  as  well.  Advo¬ 
cates  see  a  ban  as  the  best  means  for  preventing  interest  in  geoengineering  from  detracting 
from  efforts  to  reduce  greenhouse  gas  emissions.  Some  also  favor  a  ban  lest  research  lead  to  a 
system  so  potentially  attractive,  or  bureaucratic  momentum  so  strong,  that  deployment  would 
become  inevitable.  But  a  ban  also  presents  widely  recognized  risks.  First,  it  could  prove  difficult 
to  enforce.  Would  monitoring  of  research  and  sanctions  be  part  of  the  ban?  The  only  nations 
with  geoengineering  programs  (thus  violating  the  ban)  might  be  those  least  likely  to  deploy 
any  system  cooperatively.  Would  countries  considering  their  own  best  interests  be  willing  to 
fall  behind  in  a  geoengineering  race?  In  addition,  although  a  ban  might  reduce  the  likelihood 
that  a  nation  would  deploy  a  geoengineering  system  in  order  to  avoid  making  its  own  signifi¬ 
cant  emission  reductions,  a  ban  might  make  more  dangerous  any  deployment  in  response  to 
the  onset  of  an  abrupt  climate  change  or  the  failure  of  other  nations  to  reduce  emissions.  In 
both  of  these  latter  cases,  climate  conditions  might  become  so  severe  that  some  nations  would 
feel  compelled  to  attempt  a  geoengineering  deployment.  Without  the  knowledge  gained  by  an 
extended  period  of  testing,  any  system  they  deployed  might  prove  far  more  likely  to  fail.  In 
such  situations,  a  geoengineering  ban  would  increase  the  likelihood  of  a  failed  geoengineering 
deployment. 

In  place  of  an  outright  ban,  some  commentators  have  suggested  pursuing  a  treaty  or  other 
international  agreements  as  a  means  to  regulate  research  and  deployment  of  geoengineering 
systems  (Barrett,  2008).  But,  although  potentially  useful  in  the  long  term,  there  are  potentially 
strong  arguments  that  attempts  to  negotiate  such  a  treaty  could  prove  counterproductive  in  the 
short  term  (Victor,  2008). 

At  present,  several  existing  environmental  treaties  could,  in  principle,  govern  some 
geoengineering  activities  (Rayfuse,  Lawrence,  and  Gjerde,  2008).  The  London  Convention 
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and  Protocol4  on  ocean  dumping  was  triggered  to  halt  planned  tests  of  ocean-fertilization 
approaches  and  subsequently  modified  to  provide  a  framework  for  governing  such  tests  (Inter¬ 
national  Maritime  Organization,  2007,  2008).  The  Geneva  Convention  on  Transboundary  Air 
Pollution5  and  the  Montreal  Protocol  on  Substances  That  Deplete  the  Ozone  Layer  (see  United 
Nations  Environment  Programme,  2000)  could  both  be  invoked  to  prevent  extensive  testing  of 
stratospheric  aerosol  approaches.  The  UN  Convention  on  Biodiversity  (see  Convention  on  Bio¬ 
logical  Diversity,  2011)  has  extremely  broad  language  that  some  might  interpret  as  preventing 
deployment  of  potentially  harmful  geoengineering  systems.  The  Convention  on  the  Prohibi¬ 
tion  of  Military  or  Any  Other  Hostile  Use  of  Environmental  Modification  Techniques  (1976) 
might  be  interpreted  as  prohibiting  geoengineering  deployments  that  inflict  severe  harm  to 
other  nations. 

It  seems  clear  that  these  existing  agreements,  if  vigorously  enforced,  could  slow  or  halt 
initial  attempts  to  test  geoengineering  systems.  The  ocean  dumping  and  biodiversity  agree¬ 
ments  both  have  already  been  used  for  this  purpose,  as  could  the  air-pollution  conventions 
in  the  future.  But  it  seems  similarly  clear  that  these  existing  agreements  provide  a  thoroughly 
inadequate  framework  for  governing  geoengineering  testing  and  deployment.  None  of  these 
agreements  explicitly  addresses  geoengineering,  so  there  exists  no  consensus  on  what  types  of 
geoengineering  activities  they  might  allow  or  prohibit.  A  nation  convinced  that  geoengineering 
provided  potentially  vital  protection  against  the  risks  of  climate  change  would  be  unlikely  to 
accept  these  previous  agreements  as  a  de  facto  ban  on  research  and  testing. 

Any  cooperative  deployment  of  geoengineering  would  require  a  level  of  agreement  on 
issues  far  outside  the  scope  of  these  existing  agreements.  Nations  would  have  to  allocate  respon¬ 
sibilities  for  building,  operating,  and  monitoring  the  system.  They  would  have  to  agree  on  pro¬ 
cedures  for  controlling  the  earth’s  thermostat — that  is,  determining  the  level  of  intervention, 
how  it  is  adjusted  over  time,  and  procedures  for  shutting  it  down  if  something  goes  wrong  (and 
even  defining  wrong).  Nations  would  have  to  agree  on  appropriate  compensation  for  those 
excessively  harmed  by  the  deployment.  Victor  (2008)  attempts  to  capture  this  range  of  issues 
by  contrasting  any  actual  deployment  with  current  speculations  about  potential  systems.  A  real 
system,  with  adverse  regional  effects  and  leaving  some  impacts  untouched,  would,  in  practice, 
require  a  large  portfolio  of  interconnected  interventions,  which  Victor  calls  cocktail  geoen¬ 
gineering.  For  instance,  a  sulfate  aerosol  intervention  would  not  reduce  ocean  acidification. 
Thus,  key  ecosystems,  such  as  coral  reefs,  might  be  protected  by  deacidifying  regional  waters 
(e.g.,  House  et  ah,  2007).  Regions  that  lose  their  rainfall  might  significantly  upgrade  their 
water-management  systems,  perhaps  assisted  by  outside  investment  from  those  most  benefiting 
from  the  aerosol  intervention. 

In  this  context,  any  near-term  negotiations  over  geoengineering  would,  at  best,  likely 
prove  inconclusive.  Governments  generally  give  environmental  treaties  extensive  review  and 
consideration.  When  ratified,  such  treaties  usually  represent  a  careful  judgment  of  what  com¬ 
mitments  and  obligations  a  country  is  sure  it  can  meet  (Chayes  and  Chayes,  1998).  When 
treaty  negotiations  confront  overwhelming  uncertainty  or  when  little  agreement  exists  on  how 
to  frame  the  problem  at  hand,  treaty  negotiations  often  end  in  stalemate  or  produce  only  vague 
language  that  generates  the  illusion  of  agreement  without  any  actual  obligations.  At  present,  in 


4  Convention  on  the  Prevention  of  Marine  Pollution  by  Dumping  of  Wastes  and  Other  Matter,  1972  and  1996  Protocol 
Thereto. 

^  Convention  on  Long-Range  Transboundary  Air  Pollution. 
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any  negotiations  seeking  to  establish  international  law  governing  geoengineering,  some  indus¬ 
trially  advanced  and  technically  sophisticated  nations  would  seek  to  preserve  their  option  to 
deploy  such  a  system,  believing  that  it  might  prove  necessary  in  some  future  situation.  Many 
nations,  worried  about  the  potential  environmental  consequences  and  believing  that  they  were 
unable  to  deploy  such  a  system  themselves,  might  lean  toward  a  ban.  The  details  of  Victor’s 
cocktail  geoengineering,  the  mix  of  compensation  and  corrective  measures  that  might  balance 
the  needs  of  nations  deploying  geoengineering  with  those  that  could  suffer  some  adverse  con¬ 
sequences,  could  not  contribute  to  a  near-term  deal  because  they  remain  so  speculative  for  the 
foreseeable  future.  Given  such  obstacles,  no  comprehensive  agreement  governing  geoengineer¬ 
ing  is  likely  any  time  soon.  In  addition,  there  seems  to  be  little  interest  in  adding  such  a  con¬ 
troversial  topic  to  the  international  climate-change  agenda  before  an  agreement  on  emission 
reductions  is  completed. 

Influenced  by  such  consideration,  many  commentators  advocate  a  more  sequential, 
bottom-up  approach  to  geoengineering  governance  (Victor,  2008;  Lin,  2009;  Keith,  2010). 
In  the  near  term,  scientific  societies  and  government  research  agencies  would  cooperate  in 
establishing  procedures,  rules,  and  ethical  standards  governing  research  on  and  testing  of 
geoengineering  systems.  The  Royal  Society,  in  support  of  the  finding  quoted  at  the  start  of 
this  report,  recommends  that  international  scientific  societies  establish  voluntary  standards 
promoting  transparency,  appropriate  validation  and  monitoring,  public  involvement,  and  de 
minimis  standards  for  regulation  of  any  geoengineering  research.  Cicerone  (2006)  recom¬ 
mends  that  scientific  leaders  propose  a  moratorium  on  large-scale  field  experiments  (while 
supporting  phase  I  research)  until  a  system  is  in  place  to  oversee  the  planning  and  implemen¬ 
tation  of  such  interventions.  Blackstock  and  Long  (2010)  suggest  that  the  scientific  commu¬ 
nity  determine  “best  practices”  for  research  and  restrict  field  testing  until  there  is  a  broadly 
accepted  international  process  for  approving  climatic  impact  tests.  Keith,  Parson,  and  Morgan 
(2010),  particularly  concerned  that  premature  regulations  (including  bans  on  testing)  should 
not  unduly  hamper  research,  propose  a  looser  structure,  in  which  informal  consultations  allow 
a  governance  structure  to  emerge  slowly  as  research  advances.  Victor  envisions  a  bottom-up 
process  among  scientists  and  government  research  agencies  that  will  build  a  foundation  of 
widely  accepted,  shared  practice  that  can  eventually  be  codified  into  formal  norms  for  tests  of 
geoengineering  systems.  He  advocates  decentralized  geoengineering  assessments  led  by  differ¬ 
ent  nations,  emphasizing  transparency  and  cooperation  among  them.  These  assessments  will 
become  the  main  source  of  useful  information  about  geoengineering  while  helping  the  practi¬ 
tioners  to  develop  and  disseminate  informal  research  norms  for  managing  such  tests. 

Over  time,  the  international  network  of  scientists  conducting  geoengineering  laboratory 
research  and  tests,  the  research  norms  and  institutions  they  help  develop  to  regulate  such  tests, 
and  the  knowledge  generated  could  help  provide  the  foundation  for  future  international  agree¬ 
ments  governing  the  deployment  of  any  geoengineering  systems. 

Such  international  networks  of  experts,  which  the  international  relations  literature  calls 
epistemic  communities,  often  play  a  key  role  in  policy  coordination  among  governments  (Haas, 
1992)  and  the  creation  of  binding  international  regulations  (Slaughter,  2004).  In  the  mid- 
1970s,  biologists  first  agreed  to  defer  certain  experiments  transferring  genes  between  species 
and  then  developed  ethical  standards  and  guidelines  governing  such  research.  International 
networks  of  atmospheric  scientists  helped  lay  the  foundation  for  the  1989  Montreal  Protocol 
that  banned  substances  harmful  to  the  ozone  layer.  In  the  late  1960s,  cooperation  and  discus- 
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sions  among  Soviet  and  U.S.  nuclear  scientists  contributed  to  the  1972  Anti-Ballistic  Missile 
Treaty.6 

A  process  of  bottom-up  research-norm  creation  by  scientific  communities  codifying  prac¬ 
tice  that  ultimately  becomes  institutionalized  in  international  institutions  or  law  might  well 
prove  the  most-promising  approach  for  governing  research,  testing,  and,  if  necessary,  deploy¬ 
ment  of  geoengineering  systems.  The  approach  seems  promising  both  on  its  own  merits  and 
in  comparison  with  the  clear  weaknesses  of  alternative  options.  However,  the  strengths  and 
weaknesses  of  such  a  research  norm-creation  policy  have  not  been  subject  to  any  rigorous  and 
systematic  evaluation,  including  potential  impacts  on  deployment  decisions  and  likelihood  of 
successful  results.  The  remainder  of  this  report  provides  an  initial  attempt  at  such  an  analysis. 


6  Treaty  Between  the  United  States  of  America  and  the  Union  of  Soviet  Socialist  Republics  on  the  Limitation  of  Anti- 
Ballistic  Missile  Systems  (1972). 


CHAPTER  THREE 


A  Vulnerability-and-Response-Option  Analysis  Framework  for  a 
Risk  Assessment  of  Geoengineering  Governance 


Policies  toward  geoengineering,  as  with  other  potential  responses  to  climate  change,  are  best 
evaluated  within  an  iterative  risk-management  framework  (Bernstein,  Pachauri,  and  Reisinger, 
2008;  NRC,  2010b).  Typically,  one  can  conduct  risk  management  by  estimating  the  probabil¬ 
ity  and  potential  impacts  of  various  events,  evaluating  the  ability  of  alternative  policy  inter¬ 
ventions  to  manage  the  risks  by  reducing  either  the  probability  or  the  impacts,  and  thereby 
comparing  the  efficacy  of  alternative  risk-management  strategies. 

Geoengineering  policy  is  not,  however,  amenable  to  this  type  of  risk  analysis.  Similarly  to 
many  other  climate-related  decisions,  geoengineering  presents  conditions  of  deep  uncertainty, 
in  which  parties  to  a  decision  do  not  know  or  agree  on  the  model  linking  actions  to  conse¬ 
quences  nor  the  probability  distributions  for  the  key  input  parameters  to  these  models  (Lem- 
pert,  Popper,  and  Bankes,  2003).  Many  authors  have  argued  that  the  technical  uncertainties 
surrounding  geoengineering  are  currently  so  large  as  to  defy  any  meaningful,  quantitative  risk 
analysis.  But  any  judgments  about  appropriate  policy  toward  geoengineering  also  depend  on 
what  are,  at  best,  equally  speculative  expectations  about  the  socioeconomic  uncertainties  sur¬ 
rounding  the  reactions  to  any  research  and  deployment  of  such  systems.  Although  enhanced 
physical  models  validated  by  experiments  might  reduce  some  technical  uncertainties,1  the  risks 
associated  with  geoengineering  will  remain  deeply  uncertain  because  social,  political,  and  eco¬ 
nomic  factors  are  less  amenable  to  prediction.  In  addition,  judgments  about  appropriate  geoen¬ 
gineering  policy  will  depend  on  the  wide  range  of  values  and  ethical  frameworks  that  different 
people  will  bring  to  these  questions. 

Under  such  conditions,  geoengineering  risk  management  might  best  be  implemented 
within  a  vulnerability-and-response-option  framework.  Rather  than  estimate  the  impacts  and 
likelihood  of  various  events,  such  an  approach  would  begin  with  one  or  more  potential  geoen¬ 
gineering  policies,  identify  the  future  conditions  that  might  cause  such  a  policy  to  fail  to  meet 
its  goals  (as  defined  by  one  or  more  parties  to  the  decision),  and  use  the  results  of  this  vulner¬ 
ability  analysis  to  compare  alternative  policies  or  to  suggest  ways  in  which  policies  might  be 
modified  to  reduce  their  vulnerabilities.2  This  approach  might  prove  valuable  for  a  wide  range 
of  climate-related  decisions  under  conditions  of  deep  uncertainty  (NRC,  2010b;  Lempert, 


1  Reduce  but  not  eliminate.  It  is  likely  that  large  uncertainties  will  remain  in  spite  of  extensive  research  and  development 
(R&D)  until  deployment  and  long-term  observation  of  performance.  Some  researchers  have  argued  that  there  is  an  irreduc¬ 
ible  uncertainty  in  climate  prediction  (Knutti,  2008;  Dessai  et  ah,  2009).  Thus,  the  costs  and  potential  benefits  of  R&D 
must  be  thoroughly  examined. 

2  This  report  does  not  explicitly  address  the  ethical  issues  involved  with  geoengineering.  Nonetheless,  any  ethical  inquiry 
on  this  topic  should  grapple  with  the  potential  consequences  of  alternative  choices  regarding  such  systems. 
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Nakicenovic,  et  al.,  2004)  but,  with  a  few  exceptions  (e.g.,  Goes,  Keller,  and  Tuana,  2010),  has 
not  been  implemented  for  geoengineering. 

Useful  vulnerability-and-response-option  analyses  can  be  conducted  using  either  qualita¬ 
tive  or  quantitative  approaches.  As  an  example  of  the  former,  the  assumption-based  planning 
(ABP)  approach  (Dewar,  2002)  asks  decisionmakers  to  identify  key  assumptions  underlying  an 
organization’s  plans.  A  key  assumption  is  one  whose  failure  would  require  changes  in  the  plan 
and  one  that  could  plausibly  fail  during  the  lifetime  of  the  plan.  Lempert  (2009)  uses  ABP  to 
qualitatively  compare  the  potential  vulnerabilities  of  alternative  international  frameworks  pro¬ 
posed  for  the  Copenhagen  negotiations  in  December  2009  and  suggested  a  potentially  more- 
robust  alternative. 

RDM  provides  a  quantitative  decision  analytic  framework  for  implementing  a 
vulnerability-and-response-option  analysis.  In  brief,  RDM  runs  computer  simulation  models 
over  thousands  to  millions  of  cases  to  project  the  performance  of  proposed  policies  over  many 
plausible  future  states  of  the  world,  in  which  each  state  is  described  by  different  assumptions 
about  model  structures  and  different  values  of  the  input  parameters  to  those  models.  RDM 
then  uses  statistical  cluster  analysis  over  the  resulting  database  of  model  runs  to  characterize 
as  simply  as  possible  the  conditions  under  which  policies  fail  to  meet  their  performance  goals 
(Bryant  and  Lempert,  2010).  Analysts  and  decisionmakers  can  then  use  the  resulting  scenarios 
to  identify  and  evaluate  potential  responses  to  these  vulnerabilities.  This  RDM  approach  has 
been  used  to  address  a  wide  variety  of  policy  challenges,  such  as  water  management  under  cli¬ 
mate  change,  responses  to  abrupt  climate  change,  terrorism  insurance,  flood  control  in  New 
Orleans,  and  energy  policy,  and  has  been  used  both  as  analytic  tool  and  as  a  means  to  facilitate 
discussions  among  policymakers  ranging  from  local  water  managers  to  cabinet  members  in  a 
national  government.3 

This  study  conducted  the  initial  stages  of  an  RDM  analysis  on  the  challenge  of  governing 
geoengineering  research.  The  current  work  is  to  be  considered  from  the  prospective  of  a  policy¬ 
maker  whose  only  concern  is  the  ability  to  utilize  geoengineering  in  a  crisis,  not  the  broader 
question  of  the  fundamental  value  of  additional  knowledge  of  how  the  climate  behaves. 

The  analysis  constructs  a  simple  simulation  model  that  relates  choices  by  the  U.S.  govern¬ 
ment  regarding  alternative  governance  approaches  for  geoengineering  to  various  consequences 
for  the  United  States  and  the  world,  contingent  on  the  outcomes  of  several  key  uncertainties. 
The  analysis  then  uses  this  simulation  to  compare  the  performance  of  each  alternative  policy 
over  two  dozen  cases,  each  case  represented  by  a  different  combination  of  assumptions  about 
the  performance  of  geoengineering  technologies  and  the  sociopolitical  environment  in  which 
they  might  (or  might  not)  be  deployed,  and  uses  these  results  to  characterize  some  of  the 
vulnerabilities — defined  as  scenarios  in  which  a  proposed  policy  performs  significantly  worse 
than  other  options.  We  then  offer  a  qualitative  discussion  of  some  of  the  implications  of  these 
potential  vulnerabilities. 

This  simple  analysis  rests  between  a  qualitative  ABP  and  a  fully  quantitative  RDM  analy¬ 
sis.  It  proves  useful  for  several  reasons.  First,  it  demonstrates  the  potential  ability  for  a  risk 
analysis  based  on  a  vulnerability-and-response-option  analysis  to  inform  the  debate  on  geoen¬ 
gineering.  Second,  it  helps  define  the  steps  needed  to  conduct  a  full  RDM  analysis  to  address 
such  governance  issues.  Third,  it  provides  some  intriguing,  if  only  suggestive,  policy  results. 


3  The  RAND  Frederick  S.  Pardee  Center  for  Longer  Range  Global  Policy  and  the  Future  Human  Condition  (2010)  web¬ 
site  provides  a  summary  of  many  RDM  applications. 


A  Vulnerability-and-Response-Option  Analysis  Framework  for  a  Risk  Assessment  17 


Key  Factors  Considered  in  the  Analysis 

This  report  pursues  its  assessment  of  the  risks  of  various  approaches  to  geoengineering  gover¬ 
nance  with  a  state-centric  analysis  focusing  on  the  interplay  of  two  actors — the  United  States 
and  an  unspecified  other  country — either  of  which  could  unilaterally  implement  geoengi¬ 
neering  if  it  judged  that  doing  so  would  be  in  its  best  interest.  This  focus  addresses  the  strong 
correlation  among  the  countries  that  have  the  financial  and  technical  capabilities  to  deploy 
geoengineering  and  those  that  emit  large  quantities  of  greenhouse  gases.  An  important  risk  of 
geoengineering  is  that  countries  might  use  the  potential  for  such  systems  as  a  rationale  to  avoid 
taking  actions  to  reduce  greenhouse  gases.  We  assume  that  the  United  States  and  others  have 
similar  technical  capabilities  (there  is  no  difference  in  the  success  rate  of  tests  or  deployments) 
and  comparable  international  behavior,  with  the  only  difference  being  that  the  United  States 
is  more  likely  to  abide  by  research  norms  and  international  agreements  than  others.  This  latter 
assumption  rests  on  the  notion  that,  as  a  relatively  open  society,  the  United  States  often  regards 
itself,  rightly  or  wrongly,  as  more  likely  than  some  other  nations  to  abide  by  its  legal  obliga¬ 
tions.  A  more-extensive  analysis  might  explore  more  thoroughly  the  extent  of  the  asymmetry 
among  nations  in  abiding  by  their  treaty  obligations. 

This  state-centered  focus  neglects,  however,  other  potentially  important  actors  that  might 
affect  the  development  and  deployment  of  geoengineering.  For  instance,  the  analysis  does  not 
explicitly  consider  the  role  of  scientific  (epistemic)  communities  in  setting  and  enforcing  norms 
regarding  geoengineering.  Nor  does  the  analysis  consider  the  role  of  other  nonstate  actors, 
such  as  for-profit  firms,  that  might  take  steps  that  would  make  deployment  of  geoengineering 
systems  more  or  less  likely  (Blackstock  and  Long,  2010).  The  potential  impacts  of  scientific 
communities  and  other  nonstate  actors  enter  the  analysis  in  the  most-general  way  only  when 
considering  cases  in  which  governments’  actions  do  not  turn  out  as  intended  (e.g.,  a  govern¬ 
ment  might  favor  geoengineering  tests  but  such  tests  do  not  occur).  This  analysis  thus  does 
not  examine  some  important  policy  questions  currently  under  debate,  such  as  whether  govern¬ 
ments  or  scientific  communities  should  take  the  lead  in  developing  norms.  Rather,  the  analysis 
addresses  the  question  of  what  risks  are  associated  with  a  U.S.  government  policy  of  encourag¬ 
ing  the  development  of  norms,  irrespective  of  the  forum.  Clearly,  some  risks  might  depend  on 
the  choice  of  forum,  but  we  believe  that  there  is  utility  in  addressing  the  more-general  ques¬ 
tion,  both  because  it  provides  some  useful  policy  insights  and  because  it  demonstrates  a  risk- 
assessment  methodology  that  could  be  more-broadly  applied. 

As  is  often  the  case  with  RDM  analyses,  it  is  useful  to  group  its  elements  into  four  catego¬ 
ries:  policy  levers,  uncertainties,  measures  of  merit,  and  relationships  (Lempert,  Popper,  and 
Bankes,  2003).  Policy  levers  (L)  are  near-term  actions  that,  in  various  combinations,  comprise 
the  strategies  decisionmakers  wish  to  explore.  This  choice  helps  frame  the  analysis.  In  par¬ 
ticular,  it  requires  identifying  the  policymakers  who  constitute  the  main  audience.  The  choice 
of  measures  and  the  difference  between  what  factors  constitute  levers  and  which  constitute 
uncertainties  depends  strongly  on  who  is  presumed  to  be  making  the  decisions.  Exogenous 
uncertainties  (X)  are  factors,  outside  the  control  of  the  decisionmakers,  which  could  none¬ 
theless  prove  important  in  determining  the  success  of  their  strategies.  Measures  (M)  are  the 
performance  standards  that  decisionmakers  and  other  interested  communities  would  use  to 
rank  the  desirability  of  various  outcomes.  Relationships  (R)  describe,  using  the  measures,  the 
outcomes  that  would  result  from  choosing  a  particular  set  of  policy  levers  contingent  on  the 
uncertainties. 
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Table  3.1  lists  the  levers,  uncertainties,  and  measures  used  in  this  analysis.  We  now 
describe  each  of  the  four  factors  (X,  L,  M,  and  R)  in  turn. 

Levers 

The  presumed  audience  for  this  analysis  is  the  U.S.  government,  which,  over  the  next  few 
years,  will  make  decisions  about  the  type  of  international  governing  framework  for  geoen¬ 
gineering  it  believes  should  be  put  in  place.  We  consider  three  alternative  options  (as  shown 
in  the  upper  right-hand  corner  of  Table  3.1):  Strong  Norms,  Ban,  and  No  Norms,  which  we 
describe  as  follows: 

•  Strong  Norms:  The  U.S.  government  encourages  other  governments  and  scientific  societ¬ 
ies  to  promote  research  norms  for  the  conduct  of  geoengineering  research.  Such  norms 
describe  standards  for  protecting  against  adverse  environmental  impacts  from  regional 
or  global  tests,  suggest  compliance  with  existing  applicable  treaties,  and  might  provide 
guidance  on  provisions  for  compensation  for  any  adverse  impacts  of  tests.  Having  strong 
research  norms  also  encourages  open  sharing  of  all  experimental  data  and  results.  As  one 
important  feature,  we  assume  that  having  strong  research  norms  promotes  a  noninterfer¬ 
ence  standard  that  precludes  conducting  more  than  one  large-scale  test  at  any  one  time. 
Without  such  a  standard,  it  could  prove  almost  impossible  to  disentangle  the  impacts  of 
multiple,  simultaneous  global  tests  of  geoengineering.4 

•  Ban:  The  U.S.  government  encourages  other  governments  and  scientific  societies  to  pro¬ 
mote  bans  that  prevent  any  type  of  geoengineering  research. 

•  No  Norms:  The  U.S.  government  seeks  to  prevent  the  emergence  of  any  type  of  norms  or 
international  agreements  governing  the  testing  of  geoengineering. 

This  set  of  stylized  policy  options  helps  demonstrate  the  methodology  and  offers  some 
suggestive  policy  results.  However,  the  three  present  only  a  limited  representation  of  the  full 
slate  of  alternatives  facing  U.S.  policymakers. 

This  report’s  state-centric  focus  imposes  important  limits  on  the  policy  questions  it  can 
address.  First  and  foremost,  the  report  does  not  explore  the  appropriate  forum  for  developing 
norms,  whether  they  are  best  developed  by  governments  in  a  formal  negotiating  process  (see 

Table  3.1 

Factors  Considered  in  the  Analysis:  Exogenous  Uncertainties  (X),  Policy  Levers  (L),  Measures  (M),  and 
Relationships  (R) 


x 

Severity  of  climate  change  (catastrophic,  severe,  or  mild) 

Technical  potential  for  geoengineering  (likely  or 
unlikely) 

Potential  for  agreements  (favorable  or  unfavorable) 

Influence  of  geoengineering  on  emissions  (strong  or 
weak) 

R  M 

Bayesian  network  Impacts  on  the  United  States 

Impacts  on  others 

Potential  for  conflict 

Collateral  damage  (e.g.,  ecosystems) 


L 

Strong  Norms:  The  United  States  promotes  strong 
norms. 

Ban:  The  United  States  works  to  institute  a  ban. 

No  Norms:  The  United  States  works  to  prevent  the 
establishment  of  any  norms. 


4  This  assumption  has  a  significant  impact  on  our  assessment  of  the  vulnerabilities  of  alternative  policies. 
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Barrett,  2008),  through  existing  international  bodies,  or  more  informally  by  scientific  societies 
(see  Victor,  2008).  Rather,  the  analysis  assumes  that  a  decision  by  the  U.S.  government  to  favor 
or  oppose  the  setting  of  such  norms  will  make  their  development,  in  whatever  forum,  more 
or  less  likely.  Similarly,  the  analysis  is  not  well  configured  to  examine  how  the  U.S.  govern¬ 
ment  might  pursue  hybrids  among  the  three  options  considered  here.  For  instance,  the  United 
States  could  pursue  different  approaches  for  large-  and  small-scale  geoengineering  testing.  The 
United  States  could  also  follow  a  wait-and-see  strategy,  which  allows  others  to  become  first 
actors  on  this  issue.  A  wait-and-see  strategy  (balanced  against  the  risk  of  delaying  action)  might 
permit  the  United  States  to  better  access  both  the  certainty  of  future  climate  predictions  and 
the  risks  of  geoengineering  strategies  before  deciding  on  a  policy  option.  In  this  report,  the 
United  States  can  only  take  a  strong  stand  one  way  or  the  other. 

It  is  also  important  to  note  that  this  report  focuses  on  near-term  decisions  about  the  rules 
governing  geoengineering  development.  As  described  later,  the  analysis  does  consider  cases  in 
which  the  international  community  makes  and  does  not  make  international  agreements  on 
the  deployment  of  geoengineering  systems.  However,  the  analysis  regards  such  agreements  as 
future  events  outside  the  direct  control  of  today’s  decisionmakers.  Today’s  decisionmakers  can 
influence  such  events  only  via  the  preferences  they  express  today  regarding  the  international 
framework  for  governing  geoengineering.  This  is  consistent  with  our  belief  that  decisions  on 
research  will  affect  future  deployment  decisions. 

Uncertainties 

Once  the  U.S.  government  has  chosen  among  the  Strong  Norms,  Ban,  and  No  Norms  policies, 
many  uncertainties  will  come  to  affect  the  potential  success  or  failure  of  this  choice.  This  analy¬ 
sis  focuses  on  four  as  particularly  germane  (upper  left-hand  corner  of  Table  3.1):  the  potential 
for  serious  adverse  climate  change,  the  potential  for  successful  geoengineering  technology,  the 
potential  for  international  agreement  on  actions  to  address  climate  change,  and  the  extent  to 
which  progress  on  geoengineering  will  influence  (undermine)  progress  on  reducing  greenhouse 
gas  emissions.  These  uncertainties  form  the  basis  of  the  small  set  of  scenarios  we  examine  in 
the  current  analysis.  Here,  we  provide  a  qualitative  description  of  the  range  of  uncertainties. 
Appendix  C  describes  how  we  quantify  these  ranges. 

Potential  of  Geoengineering  Technology.  The  potential  for  geoengineering  to  counteract 
the  effects  of  climate  change  is  deeply  uncertain.  We  summarize  these  uncertainties  with  two 
states: 

•  Likely  to  succeed:  In  this  state,  a  competent  nation  is  likely  to  be  able  to  develop  and 
deploy  a  geoengineering  system  that  significantly  reduces  the  adverse  impacts  of  climate 
change  either  regionally  or  globally. 

•  Unlikely  to  succeed:  In  this  state,  any  deployed  geoengineering  system  is  likely  to  produce 
consequences  more  adverse  than  the  climate  change  it  was  intended  to  counter,  either 
regionally  or  globally. 

Potential  Impacts  of  Climate  Change.  The  potential  for  serious  adverse  impacts  from  cli¬ 
mate  change  depends  on  the  future  level  of  greenhouse  gas  emissions,  as  well  as  on  uncertain 
properties  of  the  climate  system,  such  as  the  climate  sensitivity,  which  measures  how  much  the 
climate  changes  due  to  a  given  level  of  human  emissions,  the  presence  of  any  instabilities  (tip- 
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ping  points)  in  the  climate  system,  and  the  response  of  weather  patterns,  ecosystems,  and  other 
factors  to  the  changes  in  climate.  We  summarize  these  uncertainties  with  three  states: 

•  Mild:  In  this  state,  the  climate  is  not  very  sensitive  to  human  emissions,  and  human  soci¬ 
ety  and  ecosystems  can  easily  adapt  to  any  consequences  from  climate  change. 

•  Severe:  In  this  state,  the  climate  is  highly  sensitive  to  human  emissions,  and  any  climate 
changes  will  seriously  damage  ecosystems  and  cause  social  and  economic  damage  beyond 
that  to  which  human  society  can  easily  adapt. 

•  Catastrophic:  In  this  state,  the  climate  is  highly  susceptible  to  extreme  tipping  points  that 
cause  sweeping  disruptions  to  human  society  and  devastate  the  world’s  ecosystems. 

Potential  for  Agreements.  Any  efforts  at  reducing  greenhouse  gas  emissions,  as  well  as 
deploying  geoengineering  systems,  will  prove  more  effective  if  the  world’s  nations  reach  agree¬ 
ment  on  how  best  to  proceed  and  how  to  allocate  the  responsibility  and  costs  for  implementing 
their  plans.  A  wide  variety  of  factors,  ranging  from  the  skill  of  national  leaders  to  how  fast  the 
global  economy  is  growing,  can  influence  nations’  ability  to  reach  such  agreements.  We  sum¬ 
marize  these  uncertainties  with  two  states: 

•  Favorable  international  conditions:  In  this  state,  many  factors  combine  to  make  nations 
eager  and  able  to  reach  agreement  on  greenhouse  gas  reductions  or  the  rules  governing 
any  deployment  of  geoengineering  systems.  Note  that  a  favorable  climate  for  cooperation 
does  not  necessarily  lead  to  agreements  on  either  geoengineering  deployments  or  green¬ 
house  gas  reductions  but  makes  it  more  likely  that  efforts  to  pursue  such  agreements  will 
prove  successful. 

•  Unfavorable  international  conditions:  In  this  state,  many  factors  combine  to  make  it  dif¬ 
ficult  for  nations  to  reach  such  agreements. 

Influence  of  Geoengineering  on  Efforts  to  Reduce  Emissions.  Serious  efforts  to  test  geo¬ 
engineering  systems  could  make  it  more  difficult  to  reach  and  implement  agreements  on  deep 
reductions  of  greenhouse  gas  emissions.  We  summarize  this  uncertainty  with  two  states: 

•  Strong  influence:  In  this  state,  efforts  to  reduce  greenhouse  gas  emissions  are  significantly 
undermined  by  the  intention  to  test  geoengineering  systems. 

•  Weak  influence:  In  this  state,  efforts  to  reduce  greenhouse  gas  emissions  are  not  under¬ 
mined  by  the  intention  to  test  geoengineering  systems. 

Measures 

What  considerations  might  the  U.S.  government  use  to  assess  the  success  or  failure  of  its 
approach  to  geoengineering?  We  offer  four  measures  (shown  in  the  lower  right-hand  corner  of 
Table  3.1)  to  summarize  the  criteria  U.S.  policymakers  might  use.  These  measures  focus  on 
the  consequences  of  the  deployment  (or  not)  of  geoengineering  systems  on  climate  change  and 
other  international  security  concerns.  These  measures  include  the  following: 

•  Impacts  on  the  United  States:  This  measure  reflects  U.S.  government  concern  with  direct 
adverse  climate  impacts  on  the  United  States,  such  as  drought,  increased  hurricanes, 
extreme  weather  events,  or  the  spread  of  tropical  diseases  into  North  America.  The  net 


A  Vulnerability-and-Response-Option  Analysis  Framework  for  a  Risk  Assessment  21 


impact  on  the  climate  is  a  consequence  of  the  success  or  failure  of  geoengineering,  the 
severity  of  the  climate  scenario,  and  the  extent  of  greenhouse  gas  emission  reductions. 
Greenhouse  gas  reductions,  if  strong,  are  judged  to  more-successfully  reduce  the  adverse 
impacts  of  climate  change  than  would  a  successful  geoengineering  deployment.  The 
extent  of  success  is  moderated  by  the  climate  scenario — all  other  factors  being  equal. 

•  Impacts  on  others:  This  measure  reflects  U.S.  government  concern  with  direct  adverse 
climate  impacts  on  other  countries  sufficiently  large  and  sophisticated  to  deploy  their  own 
geoengineering  systems.  The  net  climate  impact  is  a  consequence  of  the  success  or  failure 
of  geoengineering,  the  severity  of  the  climate  scenario,  and  the  extent  of  greenhouse  gas 
emission  reductions.  Greenhouse  gas  reductions,  if  strong,  are  judged  to  more-successfully 
reduce  the  adverse  impacts  of  climate  change  than  would  a  successful  geoengineering 
deployment.  The  extent  of  success  is  moderated  by  the  climate  scenario — all  other  factors 
being  equal. 

•  Collateral  damage:  This  measure  reflects  U.S.  government  concern  with  global  impacts 
from  geoengineering,  such  as  ozone  depletion,  destruction  of  natural  ecosystems,  failure 
to  treat  ocean  acidification,  and  the  direct  impacts  of  climate  change  on  states  unable  to 
deploy  geoengineering  systems.  Collateral  impacts  occur  if  geoengineering  fails  or  has 
significant  adverse  impacts  on  countries  other  than  those  that  deploy  it.  We  assume  that, 
if  geoengineering  is  implemented  on  less  than  a  global  scale,  there  will  be  adverse  second¬ 
ary  impacts  or  untreated  impacts  of  global  warming.  Weak  efforts  to  reduce  greenhouse 
gas  emissions  increase  collateral  impacts. 

•  Conflict:  The  United  States  will  be  concerned  about  the  potential  for  international  con¬ 
flict  over  the  deployment  of  geoengineering.  We  assume  that  a  high  potential  for  conflict 
results  when  a  deployed  geoengineering  system  fails — thereby  causing  significant  damage 
to  many  nations,  including  many  that  might  have  had  no  direct  role  in  the  deployment — 
or  when  a  geoengineering  system  generates  asymmetric  results — successfully  reducing 
climate  impacts  for  the  nations  that  deploy  it  but  failing  to  protect  or  potentially  damag¬ 
ing  other  nations. 

One  might  imagine  a  shorter  or  longer  list  of  the  best  measures  of  the  ultimate  success  of 
any  near-term  geoengineering  policy.  In  particular,  these  measures  and  the  underlying  analysis 
do  not  address  any  consequences  of  developing  geoengineering  systems  (such  as  field  testing) 
other  than  the  effect  such  efforts  might  have  on  the  likelihood  of  reaching  an  international 
agreement  on  reducing  greenhouse  gas  emissions  and  on  the  likelihood  of  deploying  a  geoen¬ 
gineering  system.5  The  analysis  thus  ignores  any  adverse  consequences  or  conflicts  engendered 
solely  by  the  conduct  of  geoengineering  research.  Nonetheless,  we  believe  that  these  four  mea¬ 
sures  represent  a  sufficiently  diverse  set  both  to  demonstrate  the  risk- assessment  methodology 
and  to  provide  a  useful  summary  of  important  strengths  and  weaknesses  of  the  alternative  poli¬ 
cies  considered  here.  It  is  also  useful  to  note  that  analysis  only  identifies  the  trade-offs  among 
these  measures  and,  as  is  typical  with  many  multicriterion  decision  analyses,  explicitly  avoids 
any  attempt  to  weigh  their  relative  importance. 


5  An  expanded  network,  especially  if  time  dependencies  are  considered,  might  include  adverse  impacts  (either  climatic  or 
political)  caused  by  the  tests,  independent  of  any  deployment  decision. 
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Relationships 

This  analysis  uses  a  simple  simulation  model  to  link  the  measures  to  the  levers  and 
uncertainties — that  is,  to  estimate  the  outcomes  as  described  by  each  of  the  four  measures 
that  might  result,  contingent  on  the  resolution  of  each  of  the  uncertainties,  from  a  U.S.  deci¬ 
sion  to  pursue  each  of  the  three  alternative  near-term  policies.  The  particular  type  of  model 
used  here  is  called  a  Bayesian  belief  network  (BBN).6  A  BBN  is  a  well-known  mathematical 
construct  that  allows  one  to  examine  the  complex  interactions  of  a  chain  of  uncertain  events. 
It  illuminates  how  the  choice  of  near-term  decision  (for  example,  banning  or  not  banning  geo¬ 
engineering  research)  might  change  the  likelihood  of  various  climate  outcomes.  Such  a  net¬ 
work  consists  of  a  collection  of  nodes,  each  having  several  possible  states,  and  the  links  among 
the  nodes.  The  state  of  any  one  node  depends  probabilistically  on  the  states  of  the  previous 
nodes  to  which  it  is  linked. 

A  BBN  simulation  is  useful  for  this  study  because  it  provides  a  simple  framework  for 
characterizing  and  quantifying  the  relationships  among  a  wide  variety  of  factors.  Such  Bayes¬ 
ian  networks  have  similarly  proved  useful  for  addressing  numerous  types  of  decision  problems, 
including  many  involved  with  environmental  decisions  and  with  political  strategy  (McCann, 
Marcot,  and  Ellis,  2006;  Jackman,  2004;  Marcot  et  ah,  2001;  Cain,  2001).  However,  using 
such  networks  does  impose  some  limitations  on  the  analysis.  For  instance,  representing  the 
detailed  timing  of  events  adds  considerable  complexity  to  a  BBN,  which  would  complicate 
any  attempt  to  consider  U.S.  government  policies  that  are  explicitly  designed  to  evolve  over 
time  in  response  to  new  information.  A  BBN  has  difficulty  representing  systems  with  multiple 
actors,  such  as  international  systems  influenced  by  scientific  communities,  for-profit  firms,  or 
even  self-organizing  coalitions  of  states.  Addressing  such  factors  as  the  timing  of  policies  or 
multiple  actors  might  require  a  different  type  of  simulation  model  to  express  the  relationships 
among  the  uncertainties,  levers,  and  measures.  It  is  important,  however,  to  note  the  important 
distinction  between  a  simulation  model  and  the  decision  analytic  framework  used  to  exploit 
the  information  in  that  model.  The  vulnerability-and-response-option  framework  presented  in 
this  report  offers  a  decision  analytic  approach  that  can  be  used  with  a  wide  variety  of  different 
types  of  models. 

As  shown  in  Figures  3.1,  3.2,  and  3.3  and  described  in  more  detail  in  Appendixes  B  and 
C,  the  network  used  in  this  analysis  consists  of  17  nodes:  one  for  the  policy  levers,  four  for  the 
uncertainties,  four  for  the  measures,  and  eight  describing  the  relationships  among  them.  These 
relationship  nodes  are  usefully  clustered:  One  node  relates  to  any  reduction  of  greenhouse  gas 
emissions,  three  represent  the  process  of  any  field  testing  of  geoengineering  systems,  and  four 
relate  to  the  process  of  deploying  any  geoengineering  system. 

For  instance,  the  node  representing  the  United  States’  decision  to  deploy  a  geoengineering 
system  (labeled  “USDeploys”  in  Figures  3. 1-3.3)  has  states  representing  a  multilateral  decision 
to  deploy,  a  unilateral  decision  to  deploy,  or  a  decision  not  to  deploy.  The  probability  of  the 
node  adopting  one  of  these  three  states  depends  on  the  states  of  previous  nodes  representing 
the  severity  of  climate  change,  whether  the  international  community  has  begun  serious  emis¬ 
sion  reductions,  any  international  agreements  on  deployment,  and  the  results  of  any  tests  of 
geoengineering  systems.  The  node  for  emission  reductions  (labeled  “EmissionsReductions”  in 
Figures  3. 1-3.3)  has  states  representing  strong  and  weak  reductions.  The  probability  that  the 
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We  implemented  this  simulation  using  Netica  software  from  Norsys  Software  Corporation. 


Figure  3.1 

Simulation  Nodes  for  Strong  Norms  Policy 


Norms 

Strong  0 

Ban  0 

NoNorm  0 

CollateralDamage 


Testing 


GeoEngineeringPotential 

Likely  100 

Unlikely  0 

Tf* 

a 

NOTE:  This  schematic  of  a  simulation  shows  Strong  Norms  policy  in  a  scenario  with  geoengineering  potential  likely,  favorable  international  conditions  for  emission 
reductions,  potentially  catastrophic  impacts  from  climate  change,  and  high  influence  of  geoengineering  tests  on  emission-reduction  efforts.  GE  =  geoengineering. 

RAND  TR846-3. 1 


A  Vulnerability-and-Response-Option  Analysis  Framework  for  a  Risk  Assessment  23 


Figure  3.2 

Simulation  Nodes  for  Ban 


PotentialForAgreements 

Favorable  100 

UnFavorable  0 

Norms 

Strong  0 

Ban  0 
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USTests 

Multilateral  100 
Unilateral  0 

NoTest  0 

OthersTest 

Unilateral  75.0 

NoTest  25.0 

CollateralDamage 


NOTE:  This  schematic  of  a  simulation  shows  a  Ban  policy  in  the  same  scenario  shown  in  Figure  3.1 . 
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Figure  3.3 

Simulation  Nodes  for  No  Norms  Policy 


Norms 

Strong  0 

Ban  0 

NoNorm  0 

CollateralDamage 


NOTE:  This  schematic  of  a  simulation  shows  a  No  Norms  policy  in  the  same  scenario  used  in  Figures  3.1  and  3.2. 
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U.S.  deployment  node  is  in  the  state  “NoDeployment”  might  be  higher  if  the  EmissionsReduc- 
tions  node  is  in  the  state  “Strong.”  The  full  network  follows  such  dependencies  along  the  full 
range  of  steps  linking  the  initial  policy  decision  (levers)  to  the  ultimate  outcomes  (measures) 
contingent  on  the  state  of  the  uncertainties. 

As  illustrated  in  Figures  3.1,  3.2,  and  3.3,  the  U.S.  government’s  policy  choice  regarding 
research  norms  affects  subsequent  decisions  about  testing  and  the  international  community’s 
ability  to  reach  any  international  agreement  governing  geoengineering  deployments.  Interna¬ 
tional  conditions  affect  potential  agreements  about  emission  reductions  and  on  rules  govern¬ 
ing  any  geoengineering  deployments.  Decisions  about  setting  norms  and  testing  affect  subse¬ 
quent  decisions  regarding  emission  reductions.  In  addition,  the  influence  of  geoengineering  on 
emissions  affects  nations’  ability  to  come  to  agreement  and  implement  significant  reduction 
in  greenhouse  gases.  The  state  of  the  climate,  the  results  of  testing,  and  the  status  of  emission 
reductions  all  influence  deployment  decisions.  The  potential  for  geoengineering  affects  the  suc¬ 
cess  of  any  tests  and  deployment  of  geoengineering  systems.  The  success  of  any  geoengineer¬ 
ing  deployments  and  the  aggressiveness  of  any  emission  reductions  affect  the  climate  impacts 
experienced  by  the  United  States  and  other  nations.  Any  potential  conflict  is  affected  by  the 
disparity  in  such  impacts.7 

This  simulation  is  specifically  designed  to  compare  the  implications  of  the  three  alterna¬ 
tive  near-term  policy  options — Strong  Norms,  Ban,  and  No  Norms — over  a  wide  range  of 
scenarios,  each  constructed  from  different  combinations  of  the  four  types  of  uncertainty.  As 
one  example,  this  simulation  can  reproduce  each  of  the  three  cases  in  which  nations  might 
deploy  a  geoengineering  system  described  in  “Geoengineering  Deployments  and  Their  Risks” 
in  Chapter  Two. 

The  model  represents  the  case  in  which  one  or  more  nations  deploys  in  response  to  others’ 
failure  to  reduce  emissions  as  one  in  which  unfavorable  international  conditions  for  agreements 
(center  node  on  the  left  of  the  three  figures)  leads  to  failed  efforts  at  emission  reduction  (upper 
node  in  the  middle  of  the  three  figures),  and  severe  climate  change  (upper  node  in  the  middle 
of  the  three  figures)  leads  to  U.S.  deployments.  The  model  represents  the  case  in  which  one  or 
more  nations  deploys  in  response  to  catastrophic  climate  change  as  one  in  which  such  a  change 
leads  to  geoengineering  deployments  despite  a  successful  deployment  agreement.  The  model 
represents  the  case  in  which  one  or  more  nations  deploys  to  avoid  making  significant  emis¬ 
sion  reductions  as  one  in  which  successful  geoengineering  tests  (cluster  of  three  nodes  in  the 
lower  left  of  the  three  figures),  combined  with  a  strong  influence  of  geoengineering  on  emission 
reductions  (node  in  the  upper  left-hand  corner  of  the  three  figures)  leads  to  weak  emission- 
reduction  efforts  and  to  geoengineering  deployments. 

Note  that  the  structure  of  the  network  embodies  certain  assumptions  about  the  timing 
of  events.  We  assume  that  tests  of  geoengineering  systems  begin  and  any  agreements  about  the 
rules  for  deploying  such  systems  occur  prior  to  any  implementation  of  strong  policies  to  reduce 
greenhouse  gas  emissions.  Thus,  such  testing  and  agreements  can  influence  choices  about  such 
reduction  policies.  We  assume  that  decisions  about  emission-reduction  policies  must  be  made 
before  much  more  is  learned  about  the  state  of  the  climate  system.  We  also  assume  that  any  deci¬ 
sion  about  whether  to  deploy  a  geoengineering  system  will  occur  after  any  emission-reduction 
policies  have  been  implemented  (or  not)  and  more  is  learned  about  the  potential  severity  of 


7  Adverse  climate  impacts  of  field  tests  have  not  been  considered  in  this  simplified  model. 
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climate  change.  These  assumptions  are  consistent  with  the  notion  that  SRM  geoengineering 
technologies  represent  a  contingency  option  (to  be  used  either  multi  nationally  or  unilaterally) 
that  would  be  seriously  considered  only  if  the  impacts  of  climate  change  were  likely  to  be  severe 
and  there  were  little  progress  on  emission  reductions,  or  to  avoid  or  recover  from  abrupt  climate 
change. 

Appendixes  B  and  C  provide  more-detailed  descriptions  of  each  of  the  relationships  (R) 
and  their  potential  states,  and  the  probability  tables  that  link  them.  The  network’s  results  are 
driven  by  the  choice  of  links  and  the  choice  of  values  to  fill  the  probability  tables.  Although  the 
causal  links  are  straightforward,  this  analysis  employs  pure  subjective  probability  estimates, 
assigned  by  the  authors  using  our  best  judgments  and  with  a  desire  to  illustrate  the  potential 
interactions  and  interdependencies  of  the  levers,  uncertainties,  and  measures  of  merit. 

To  increase  consistency  and  capture  correlations  among  the  probability  judgments,  we 
expressed  each  probability  as  a  function  of  several  relevant  factors  for  each  node  (called  influ¬ 
ence  factors).  For  instance,  we  assumed  that  the  probability  that  the  international  community 
would  agree  to  rules  governing  the  deployment  of  any  geoengineering  system  can  be  reduced 
depending  on  the  international  conditions  and  the  near-term  decision  on  research  norms,  and 
then  we  separately  estimated  the  impact  of  each  on  the  probability  of  a  deployment  agreement. 
We  then  multiplied  these  factors  together  to  give  the  probabilities  for  the  six  different  cases 
(three  policies  times  two  conditions).  The  details  for  this  and  the  resultant  complete  probabil¬ 
ity  tables  are  shown  in  Appendix  C.  Clearly  different  probability  estimates  could  yield  differ¬ 
ent  policy  vulnerabilities.  We  use  the  network  as  an  exploratory  tool  within  a  scenario-based 
approach  specifically  designed  to  be  exceedingly  mindful  of  the  limitations  of  our  simulation. 


Caveats 

Before  presenting  results  in  the  next  chapter,  it  is  important  to  reemphasize  what  this  analy¬ 
sis  will  not  do.  First,  the  simulation  is,  in  no  sense,  predictive.  Rather,  it  provides  a  what-if 
mechanism  that  allows  us  to  systematically  follow  the  implications  of  alternative  chains  of 
assumptions.  It  is  well  known  that  even  experts  have  trouble  following  in  their  heads  a  string 
of  logical  relationships  over  more  than  a  few  causal  steps.  The  simulation  provides  a  formal 
accounting  system  that  allows  us  to  overcome  these  barriers  and  to  systematically  compare  the 
different  and  sometimes  unexpected  consequences  of  various  combinations  of  assumptions. 
Bankes  (1993)  distinguishes  between  consolidative  and  exploratory  models.  The  former  can  be 
validated  and  thus  used  in  predictive  analysis.  The  latter  can  still  help  decisionmakers  evaluate 
the  strengths  and  weaknesses  of  alternative  responses  to  deeply  uncertain  futures.  The  simula¬ 
tion  here  is  very  much  an  exploratory  model. 

Second,  this  analysis  in  no  way  represents  the  full  decision  analytic  treatment  possible 
with  such  an  exploratory  model.  A  full  RDM  treatment  would  vary  over  all  the  assumptions 
in  the  simulation  and  perhaps  consider  different  structural  or  expanded  forms  for  the  Bayes¬ 
ian  network.  A  full  analysis  would  run  many  thousands  of  cases  and  conduct  statistical  cluster 
analyses  to  characterize  the  vulnerabilities  of  the  three  policies  (Bryant  and  Lempert,  2010). 
In  particular,  as  described  above  and  in  Appendixes  B  and  C,  the  analysis’  simulation  model 
uses  probabilities  as  its  input  parameters,  each  representing  the  likelihood  that  one  state — for 
instance,  a  successful  test  of  a  geoengineering  system — will  lead  to  another  state — for  instance, 
the  deployment  of  such  a  system.  Here,  we  consider  only  a  small  set  of  discrete  values  for  each 
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probability,  corresponding  to  the  cases  shown  in  Table  3. 2. 8  A  full  RDM  analysis  would  regard 
these  probabilities  as  imprecise — that  is,  assuming  that  any  of  a  multiple  set  of  plausible  values 
is  possible  (Lempert  and  Collins,  2007). 

Having  systematically  identified  scenarios  in  which  the  Strong  Norms,  Ban,  and  No 
Norms  policies  might  fail  to  achieve  the  U.S.  government’s  goals,  the  full  RDM  analysis  would 
then  use  this  information  to  design  new  policies  that  might  ameliorate  some  of  these  vulner¬ 
abilities.  This  step  would  generate  trade-off  curves  that  could  help  decisionmakers  choose  the 
policy  they  felt  was  most  robust.  Typically,  such  trade-off  curves  suggest  probability  thresh¬ 
olds  for  key  scenarios.  Such  thresholds  represent  the  probability  that  a  scenario  would  need  to 
have  in  order  to  justify  abandoning  a  proposed  policy  in  favor  of  some  other  option  (Groves 
and  Lempert,  2007;  Lempert,  Groves,  et  ah,  2006).  The  analysis  could  then  explore  how  the 
alternative  policies  might  be  modified  to  make  them  more  robust — that  is,  less  sensitive  to  the 
identified  vulnerabilities.  The  analysis  here  provides  only  a  much-simplified  first  cut  at  such 
an  analysis,  focusing  on  only  a  few  key  uncertainties  and  providing  only  a  qualitative  descrip¬ 
tion  of  potential  improvements  to  the  initial  menu  of  policy  options  and  the  trade-offs  among 
them.  This  simplified  analysis  will  identify  key  scenarios  but  explore  such  probability  thresh¬ 
olds  only  qualitatively. 


Evaluating  Policies  Across  Multiple  Scenarios 

We  can  now  use  this  simulation  model  to  evaluate  how  the  measures  in  Table  3.1  depend  on 
the  U.S.  government’s  choice  of  policy  and  how  the  uncertainties  are  resolved.  Such  an  analy¬ 
sis  needs  to  address  what  combinations  of  uncertainties  it  will  consider — that  is,  specify  the 
experimental  design  used  to  explore  the  input  parameters  to  the  model.  In  addition,  the  analy¬ 
sis  needs  to  provide  a  way  to  succinctly  compare  the  performance  of  alternative  policies  across 
many  scenarios.  This  discussion  will  address  both  these  issues. 

This  study  employed  a  relatively  simple  experimental  design.  As  shown  in  Table  3.1,  the 
analysis  considers  four  uncertain  socioeconomic  and  physical  factors:  the  potential  for  interna¬ 
tional  agreements,  the  influence  of  geoengineering  systems  on  emission  reductions,  the  serious¬ 
ness  of  future  climate  change,  and  the  potential  of  geoengineering  technology.  As  summarized 
in  Table  3.2,  the  analysis  considers  three  possible  values  for  the  seriousness  of  future  climate 
change  and  two  possible  values  for  the  other  three  uncertainties.  To  construct  the  scenarios,  we 


Table  3.2 

Range  of  Cases  Considered  for  Each  Uncertain  Parameter 


Socioeconomic  Systems 

Physical  Systems 

Influence  of  Geoengineering 

Seriousness  of  Climate 

Geoengineering 

Potential  for  Agreements 

on  Emission  Reductions 

Change 

Technology  Potential 

Favorable 

Strong 

Catastrophic 

Likely 

Unfavorable 

Weak 

Severe 

Unlikely 

Mild 

8  This  study  made  this  simplification  primarily  because  it  lacked  sufficient  resources  to  build  the  software  harness  needed 
to  conveniently  run  many  cases  of  the  model  with  different  assumptions  about  the  input  probabilities. 
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consider  all  possible  combinations  of  the  four  uncertain  parameters,  which  yields  24  (3  x  23) 
cases. 

To  help  summarize  the  performance  of  the  three  policies,  we  calculate  how  far  in  each 
scenario  for  each  measure  of  merit  the  performance  of  a  given  strategy  deviates  from  the  per¬ 
formance  of  the  optimal  strategy  in  that  scenario.  We  calculate  this  deviation  using  an  expres¬ 
sion  called  the  relative  regret,  given  by 


Rel_Regret/>x  m 


Reg 


(1) 


where 


Regret/  =  Mt  -  Min[Mv  ) 

is  the  regret  introduced  by  Savage  (1954)  to  implement  the  mini-max  decision  criterion  and 
where  Mt  is  the  performance  of  policy  /,  in  state  of  the  world  x,  according  to  measure  m. 
We  use  a  regret  measure  for  this  analysis  in  order  to  focus  on  the  comparative  performance 
of  alternative  policies  and  thus  the  vulnerability  of  policies  over  a  very  wide  range  of  plausible 
future  conditions.  In  some  scenarios — for  instance,  one  with  catastrophic  climate  change  and 
unfavorable  conditions  for  any  international  agreement — the  future  will  prove  difficult  no 
matter  what  policy  choices  are  made  today.  In  other  scenarios — for  instance,  one  with  mild 
climate  change — the  future  will  prove  benign  unless  policy  choices  go  significantly  awry.9  For 
any  given  policy,  the  regret  will  be  small  when  the  policy  performs  close  to  the  best  one  can 
possibly  perform  in  that  scenario,  whether  the  scenario  is  benign  or  dire.  The  regret  is  large 
when  the  policy  performs  far  worse  than  the  best  possible  in  that  scenario.  We  use  relative 
regret,  as  opposed  to  simple  regret,  because  we  assume  that  a  given  nonzero  deviation  from 
optimality  will  matter  more  in  a  benign  scenario,  in  which  the  value  of 

is  low,  than  it  will  in  a  dire  scenario,  in  which  the  value  of 

is  very  high. 

As  an  example  of  how  this  regret  measure  summarizes  the  performance  of  alternative 
policies,  consider  the  scenario  represented  by  the  model  configuration  shown  in  Figures  3.1, 
3.2,  and  3.3,  in  which,  as  shown  in  the  boxes  representing  uncertainties  (labeled  with  X’s),  geo¬ 
engineering  technology  is  likely  to  succeed,  climate  change  can  be  catastrophic,  geoengineer- 


9  Note  that  the  simulation  includes  no  cases  in  which  the  pursuit  of  geoengineering  or  other  policy  choices  can  cause 
adverse  outcomes  in  a  mild-climate  scenario.  If  geoengineering  could  truly  be  unilaterally  deployed,  it  is  conceivable  that 
a  nation  might  pursue  such  systems  to  correct  regional  environmental  issues  or,  for  example,  enhance  regional  agricultural 
production,  even  with  a  mild  global  climate  impact.  An  expanded  RDM  analysis  could  examine  these  scenarios. 
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ing  activities  can  significantly  affect  the  commitment  to  emission  reductions,  and  international 
conditions  are  favorable  for  agreements.  Table  3.3  shows  the  performance  for  each  of  the  three 
policies  for  each  of  the  four  measures  in  this  scenario.  These  values  are  drawn,  as  discussed, 
from  the  boxes  in  Figures  3.1,  3.2,  and  3.3,  representing  measures  (labeled  with  M’s).  Note  that 
a  lower  score  indicates  better  performance,  so  the  Strong  Norms  policy  performs  best  for  three 
of  the  measures — impacts  on  the  United  States,  impacts  on  others,  and  collateral  damage — 
while  the  No  Norms  policy  performs  best  for  the  conflict  measure. 

Table  3.4  shows  the  relative  regret  for  each  policy  for  each  measure  calculated  using  Equa¬ 
tion  1.  Strong  Norms  remains  best  (0  percent  regret)  for  the  first  three  measures.  No  Norms 
remains  best  for  the  conflict  measure,  but,  with  14  percent  regret,  Strong  Norms  performs 
nearly  as  well.  Overall,  the  regret  values  provide  a  convenient  measure  of  how  well  each  policy 
performs  compared  to  the  best  possible  in  this  scenario  for  each  measure. 

Figure  3.4  summarizes  results,  such  as  those  in  Table  3.4,  for  16  of  the  24  scenarios — 
those  with  severe  and  catastrophic  climate  change.  Each  row  of  the  table  represents  a  single 
scenario.  The  first  four  cells  in  each  row  show  the  relative  regret  of  choosing  the  Strong  Norms 
policy  for  each  of  the  four  measures  of  merit.  The  next  four  cells  show  the  relative  regret  of 
choosing  the  Ban  policy,  and  the  last  four  cells  show  the  relative  regret  of  choosing  the  No 
Norms  policy.  We  have  shaded  the  results  to  make  it  easier  to  see  patterns  across  the  policies 
and  scenarios.  Green  indicates  regret  less  than  10  percent,  red  indicates  a  regret  greater  than 
25  percent,  and  yellow  indicates  a  regret  between  10  and  25  percent.  These  thresholds  are 
chosen  to  aid  in  presentation  only  and  have  no  effect  on  the  results.  Furthermore,  although 
the  results  are  shown  to  two  significant  figures,  the  numbers  are  given  for  comparative  purpose 
only  and  do  not  indicate  significance  to  that  level.  Note  that  Figure  3.4  shows  only  those  sce¬ 
narios  with  severe  or  catastrophic  climate  change  because,  if  climate  change  is  mild,  the  choice 
of  geoengineering  policy  proves  unimportant  (at  least  at  this  level  of  analysis).  In  all  mild- 


Table  3.3 

Performance  for  Three  Policies  for  the  Scenario  Shown  in  Figure  3.1 


Impacts  on  the  United 
States 

Impacts  on  Others 

Collateral  Damage 

Conflict 

Strong  Norms 

46 

49 

52 

48.4 

Ban 

91 

57 

100 

76.3 

No  Norms 

80 

80 

90 

42.6 

NOTE:  Scores, 

dimensionless  numbers  ranging 

from  0  to  100  with  lower  values  more  desirable, 

are  taken  from 

values  in  the  Measures  nodes  in  Figures  3. 1-3. 3. 

Table  3.4 

Relative  Regret  for  Three  Policies  for  the  Scenario  Shown  in  Figure  3.1 

Impacts  on  the  United 
States 

Impacts  on  Others 

Collateral  Damage 

Conflict 

Strong  Norms 

0 

0 

0 

14 

Ban 

99 

16 

92 

79 

No  Norms 

76 

64 

74 

0 

NOTE:  Scores  are  relative  regret  (%)  calculated  from  the  values  in  Table  3.3  using  Equation  1. 


Figure  3.4 

Relative  Regret  (%)  of  Three  Policies  Over  16  Scenarios 


Strong  Norms 


Ban 
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Conflict 
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Impacts  Collateral 
to  Others  Damage  Conflict 


NOTE:  Green  indicates  relative  regret  less  than  10  percent,  red  greater  than  25  percent,  and  yellow  between  10  and  25  percent. 
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climate  scenarios,  all  three  alternative  options  perform  identically  for  all  four  measures  because 
we  assume  that  no  nation  would  deploy  a  geoengineering  system  unless  it  were  experiencing 
serious  impacts  from  climate  change.  With  a  mild  climate,  no  nation  deploys  a  geoengineering 
system  and  no  nation  suffers  any  impacts  from  climate  change  irrespective  of  the  near-term 
U.S.  choice  of  geoengineering  policy. 

To  better  understand  the  information  in  Figure  3.4,  consider  its  first  row,  which  summa¬ 
rizes  the  scenario  considered  in  Table  3.4.  As  shown  in  that  table,  the  Strong  Norms  policy  in 
this  scenario  has  0  percent  regret  for  three  of  the  four  measures:  impacts  on  the  United  States, 
impacts  on  others,  and  collateral  damage.  The  policy’s  regret  for  the  conflict  measure  is,  how¬ 
ever,  14  percent.  That  is,  for  the  first  three  measures,  the  Strong  Norms  policy  performs  best 
in  this  scenario.  For  the  conflict  measure,  the  policy  generates  a  score  for  conflict  more  than 
14  percent  larger  than  does  the  No  Norms  policy  in  this  scenario. 

Comparing  the  network  diagrams  in  Figures  3.1,  3.2,  and  3.3  helps  to  explain  these 
results.  Under  the  Strong  Norms  policy,  the  United  States  leads  a  multilateral  testing  program 
for  geoengineering  systems,  as  seen  in  Figure  3.1  by  the  100-percent  probability  of  the  USTests 
node  being  in  the  Multilateral  state.  Because,  in  this  scenario,  geoengineering  technology  is 
likely  to  succeed,  the  tests  prove  favorable,  as  seen  by  the  0-percent  probability  of  the  TestRe- 
sults  node  being  in  the  Failure  or  NoResults  state.  When  climate  change  proves  catastrophic  in 
this  scenario,  nations  deploy  geoengineering  systems  with  a  high  probability  of  success,  as  seen 
in  the  DeploymentResults  node.  Unfortunately,  this  scenario  assumes  that  this  geoengineering 
activity  has  a  significant  negative  impact  on  emission-reduction  activities,  as  seen  by  the  high 
probability  of  the  EmissionsReductions  node  being  in  the  state  Weak. 

In  comparison,  the  Ban  policy  prevents  testing  by  the  United  States,  as  seen  in  Figure  3.2 
by  the  100-percent  probability  of  the  USTests  node  being  in  the  NoTest  state.  But  other  nations 
might  test,  as  seen  by  the  approximately  75 -percent  probability  of  the  OthersTest  node  being 
in  the  Unilateral  state.  Nonetheless,  the  Ban  policy  significantly  reduces  testing  compared  to 
the  Strong  Norms  case  so  that  emission-reduction  efforts  are  much  more  likely  to  prove  suc¬ 
cessful.  When,  nevertheless,  climate  change  proves  catastrophic,  nations  deploy  geoengineer¬ 
ing  in  an  attempt  to  protect  themselves.  But  these  systems  have  a  high  probability  of  failure 
because  we  assume  that,  without  tests,  geoengineering  is  less  likely  to  succeed.  Compared  to 
the  Strong  Norms  policy,  the  Ban  policy’s  high  geoengineering  failure  rate  weighs  more  heav¬ 
ily  on  the  measures  of  merit  than  the  Ban  policy’s  larger  potential  for  emission  reductions.  The 
latter  policy  performs  worse  in  this  scenario  for  all  four  measures,  as  seen  by  each  of  the  four 
nodes  at  the  far  right  of  the  figure,  which  show  higher  readings  (and  thus  worse  outcomes)  in 
Figure  3.2  than  in  Figure  3.1. 

The  No  Norms  policy  in  Figure  3.3  performs  worse  in  this  scenario  than  the  Strong 
Norms  policy  did  for  three  of  the  four  measures  but  performs  better  for  the  conflict  measure 
(thus  the  yellow  in  Table  3.4).  Under  the  former  policy,  both  the  United  States  and  other 
nations  are  likely  to  pursue  geoengineering  research  independently.  The  conflicting  test  pro¬ 
grams  are  more  likely  to  fail.  Nations  are  also  unlikely  to  reach  any  agreement  governing  geo¬ 
engineering  deployment.  When  climate  change  proves  catastrophic,  nations  are  less  likely  to 
respond  with  what  otherwise  might  have  been  successful  geoengineering  deployments.10  Thus, 
impacts  on  the  United  States,  impacts  on  others,  and  collateral  damage  are  worse  with  the  No 


10  Nations  are  more  likely  to  deploy  an  untested  technology  than  one  that  failed  tests. 
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Norms  policy  than  with  the  Strong  Norms  policy.  But,  without  geoengineering  deployments, 
the  potential  for  conflict  is  reduced  because  no  nation  suffering  adverse  climate  impacts  can 
blame  another’s  geoengineering  system  for  its  troubles. 


CHAPTER  FOUR 


Identifying  the  Vulnerabilities  of  Alternative  U.S.  Geoengineering 
Governance  Policies 


The  simulation  results  shown  in  Table  3.4  and  the  first  row  of  Figure  3.4  compare  the  per¬ 
formance  of  the  three  alternative  U.S.  government  policies — Strong  Norms,  Ban,  and  No 
Norms — in  a  single  scenario  reflecting  one  particular  set  of  assumptions  about  the  future 
potential  of  geoengineering  technology,  the  severity  of  climate  change,  the  influence  of  geo¬ 
engineering  development  on  emission  reductions,  the  potential  for  international  agreements, 
and  the  relationship  among  these  factors  and  U.S.  policy  choices.  Because  of  the  deep  uncer¬ 
tainty  surrounding  all  of  these  issues,  the  comparison  among  the  policies  in  this  single  scenario 
is  not  in  and  of  itself  very  useful.  However,  the  essence  of  the  vulnerability-and-response- 
option  approach  described  in  Chapter  Three  is  to  compare  the  performance  of  these  poli¬ 
cies  over  a  wide  range  of  many  carefully  chosen  scenarios  to  understand  the  patterns  in  their 
vulnerabilities. 

This  chapter  describes  the  results  of  such  a  comparison  across  scenarios. 

The  basic  pattern  seen  in  Figure  3.4  is  straightforward.  Strong  Norms  performs  gener¬ 
ally  well  in  those  scenarios  in  which  SRM  geoengineering  technology  is  likely  to  succeed  (first 
eight  rows  in  Figure  3.4).  Ban  and  No  Norms  perform  generally  well  when  SRM  technology 
is  unlikely  to  succeed  (next  eight  rows). 

Examining  the  simulation  results  suggest  the  reasons  underlying  this  result.  Strong 
Norms  works  well  in  the  former  cases  because  it  increases  the  chances  that,  if  adverse  climate 
conditions  demand  a  geoengineering  deployment,  a  well-tested  system  is  available.  In  the  latter 
cases,  Strong  Norms  performs  less  well  than  the  alternative  policies  because  it  can  slow  efforts 
at  emission  reductions  and  can  result  in  overconfidence — the  deployment  of  a  geoengineering 
system  that  is  expected  to  work  but  does  not. 

Figure  3.4  also  shows  a  basic  pattern  in  the  vulnerabilities  of  a  U.S.  policy  promoting 
a  Ban,  which  tends  to  work  better  than  the  other  policies  for  other  nations  that  feel  free  to 
break  it  (see  the  “Impacts  to  Others”  column  under  “Ban”  in  the  figure).  This  policy  generally 
has  high  regret  for  three  of  the  four  measures  when  geoengineering  is  likely  to  succeed.  But 
the  policy  has  low  regret  under  these  conditions  for  the  Impacts  to  Others  measure  because 
other  nations  might  test  in  defiance  of  the  prohibition  and  subsequently  deploy  viable  systems 
that  reduce  climate  impacts  on  themselves.  The  Ban  policy  performs  poorly  for  other  nations 
only  when  geoengineering  is  likely  to  succeed,  climate  change  proves  catastrophic,  and  inter¬ 
national  conditions  are  favorable  for  agreements  (first  and  third  rows  in  Figure  3.4).  In  these 
cases,  international  cooperation  on  geoengineering  would  better  serve  these  other  nations. 

No  Norms  generally  works  best  for  the  conflict  measure  because  it  is  the  U.S.  policy  that 
makes  it  least  likely  that  a  geoengineering  system  will  ever  be  deployed.  No  Norms  has  high 
regret  for  three  of  the  four  measures  when  geoengineering  is  likely  to  succeed.  But  this  policy 
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generally  performs  well  at  reducing  conflict  whenever  international  conditions  are  unfavorable 
for  agreement  (second,  fourth,  sixth,  and  eighth  rows  in  Figure  3.4).  This  result  owes  to  our 
assumption  that  No  Norms  can  lead  to  conflicting  and  thus  failed  geoengineering  tests.  This, 
in  turn,  leads  to  fewer  deployments  even  under  catastrophic  climate  change.  Without  geoengi¬ 
neering  deployments  to  blame,  there  is  less  opportunity  for  acrimony  among  nations  suffering 
severe  impacts  from  climate  change.  The  same  dynamic  occurs,  as  described  in  “Evaluating 
Policies  Across  Multiple  Scenarios”  in  Chapter  Three,  in  the  scenario  in  which  international 
conditions  are  favorable  for  agreement  and  geoengineering  has  a  significant  impact  on  efforts 
to  reduce  emissions  (first  row  in  Figure  3.4).  In  addition,  No  Norms  has  low  regret  for  the 
Collateral  Damage  measure  in  those  cases  in  which  geoengineering  has  little  impact  on  efforts 
to  reduce  emissions  and  international  conditions  are  unfavorable  for  agreement  (fourth  and 
eighth  rows  in  Figure  3.4)  because  it  decreases  the  chances  that  the  United  States  and  other 
nations  will  use  geoengineering  to  protect  themselves  while  abandoning  weaker  nations  and 
natural  ecosystems  to  suffer  the  impacts  of  climate  change. 

These  patterns  are  summarized  in  Table  4.1.  There  are  exceptions  to  these  general 
patterns — that  is,  specific  cases  in  which  a  policy  could  perform  well  (low  regret)  amid  sce¬ 
narios  in  which  it  generally  fails. 

For  instance,  Strong  Norms  generally  has  high  regret  when  geoengineering  is  unlikely  to 
succeed.  But  this  is  not  the  case  when  climate  change  proves  catastrophic  and  geoengineer¬ 
ing  tests  have  a  significant  influence  on  efforts  to  reduce  emissions  (ninth  and  tenth  rows  in 
Figure  3.4).  In  this  unpleasant  scenario,  no  policy  choice  can  prevent  large  impacts  on  the 
United  States,  large  impacts  on  others,  and  significant  collateral  damage.  In  these  scenarios 
and  for  these  measures,  Strong  Norms  has  low  regret,  not  because  it  performs  well  on  any 
absolute  scale  but  because  all  options  are  similarly  bad.  Note,  however,  that  in  these  cases 
Strong  Norms  has  high  regret  for  the  conflict  measure  because,  relative  to  No  Norms,  it  leads 
to  more  failed  geoengineering  deployments  and  thus  more  opportunity  for  acrimony  among 
the  nations  damaged  by  these  deployments. 

Similarly,  there  are  specific  cases  in  which  a  policy  performs  poorly  (high  regret)  amid 
scenarios  in  which  it  generally  performs  well.  For  instance,  although  Strong  Norms  generally 
has  low  regret  when  geoengineering  is  likely  to  succeed,  it  can  have  high  regret  for  the  Impacts 
to  Others  measure  when  international  conditions  are  unfavorable  for  agreements.  Under  such 
conditions  (second,  fourth,  sixth,  and  eighth  rows  in  Figure  3.4),  nations  are  most  likely  to 
conduct  multilateral  tests  of  geoengineering  systems  but  are  unlikely  to  reach  any  international 
agreement  on  deployment.  The  United  States  might  thus  deploy  a  geoengineering  system  uni¬ 
laterally.  The  other  nations  would  be  better  served  by  the  Ban  policy,  under  which  they  might 
have  tested  their  own  geoengineering  systems.  Strong  Norms  also  has  high  regret  for  the  con¬ 
flict  measure  when  international  conditions  are  unfavorable  for  agreements  because  the  No 
Norms  policy  would  reduce  the  likelihood  of  a  geoengineering  deployment. 

No  Norms  has  low  regret  in  all  the  scenarios  considered  here  in  which  geoengineering  is 
unlikely  and  climate  change  proves  catastrophic.  But  this  policy  has  high  regret  when  geoen¬ 
gineering  is  unlikely  to  succeed,  climate  change  proves  severe,  and  the  international  conditions 
for  agreement  are  favorable.  Under  such  conditions  (13th  and  15th  rows  in  Figure  3.4),  sig¬ 
nificant  reductions  in  greenhouse  gas  emissions  are  the  only  available  path  to  avoiding  climate 
impacts,  and  the  Ban  policy  proves  more  effective  at  encouraging  such  reductions. 

The  Ban  policy  generally  has  low  regret  in  all  the  scenarios  considered  here  in  which  geo¬ 
engineering  is  unlikely  and  climate  change  proves  severe.  But  this  policy  can  have  high  regret 


Table  4.1 

Summary  of  Vulnerabilities  of  Alternative  Policies 


Vulnerable  When 

Strategy 

Geoengineering 

Potential 

Climate 

Geoengineering 

Influence 

Political 

Because 

Strong  Norms 

Unlikely 

Catastrophic 

Weak 

Favorable 

The  Strong  Norms  policy  results  in  more  successful  tests  but  more  failed 
deployments  than  does  the  No  Norms  policy,  which  permits  conflicting 
and  therefore  failed  tests. 

Strong  Norms 

Unlikely 

Severe 

Strong 

Favorable 

The  Strong  Norms  policy  lead  to  weaker  greenhouse  gas  reduction  than 
does  the  Ban  policy,  while  geoengineering  does  not  help. 

Strong  Norms 

Unlikely 

Severe 

Weak 

Unfavorable 

The  Strong  Norms  policy  results  in  more  successful  tests  but  more  failed 
deployments  than  does  the  No  Norms  policy,  which  permits  conflicting 
and  therefore  failed  tests. 

Ban 

Likely 

Catastrophic  and 
severe3 

Strong  or  weak 

Favorable 

A  Ban  policy  increases  the  changes  of  geoengineering  failure  from 
inadequate  testing,  relative  to  the  Strong  Norms  policy. 

Ban 

Unlikely 

Catastrophic 

Weak 

Favorable 

A  Ban  policy  allows  unilateral  tests  that  can  lead  to  failed  deployments. 
The  No  Norms  policy  makes  unilateral  tests  more  difficult. 

No  Norms 

Likely 

Catastrophic 

Strong  or  weak 

Favorable 

No  Norms  increases  chances  of  geoengineering  failure  from  inadequate 
testing,  relative  to  the  Strong  Norms  policy. 

No  Norms 

Likely 

Severe 

Strong 

Favorable 

The  No  Norms  policy  leads  to  competing  and  failed  experiments  relative 
to  the  Strong  Norms  policy  and  therefore  failed  deployments. 

No  Norms 

Unlikely 

Severe 

Strong 

Favorable 

Under  these  conditions,  only  significant  emissions  can  prevent  climate 
damage,  and  such  reductions  are  most  likely  under  a  Ban  policy. 

a  In  severe  climate,  there  is  low  regret  for  impact  on  others. 


Identifying  the  Vulnerabilities  of  Alternative  U.S.  Geoengineering  Governance  Policies  37 


38  Governing  Geoengineering  Research 


when  geoengineering  tests  have  weak  impact  on  efforts  to  reduce  emissions  and  international 
conditions  for  agreement  are  unfavorable.  Under  such  conditions  (16th  row  in  Figure  3.4),  No 
Norms  reduces  the  incidence  of  failed  deployments.  For  the  same  reason,  the  Ban  policy  has 
high  regret  for  the  conflict  measure  with  severe  climate  change  whenever  international  condi¬ 
tions  for  agreement  are  unfavorable  (14th  and  16th  rows  in  Figure  3.4).  When  geoengineer¬ 
ing  is  unlikely  and  climate  change  proves  catastrophic,  the  Ban  policy  always  has  high  regret 
for  the  conflict  measure  and  has  high  regret  for  all  measures  when  geoengineering  tests  have 
little  influence  on  efforts  to  reduce  emissions.  Under  such  conditions  (11th  and  12th  rows  in 
Figure  3.4),  No  Norms  reduces  the  risk  of  failed  geoengineering  deployments,  while  the  Ban 
policy  adds  little  to  efforts  to  reduce  emissions. 


CHAPTER  FIVE 


Conclusions  and  Next  Steps 


Geoengineering  presents  a  risky  proposition.  Deployment  of  an  SRM  geoengineering  system 
could  cause  more  harm  than  good.  Yet,  in  some  situations  of  extreme  climate  change,  not 
deploying  such  a  system  could  prove  catastrophic.  Today’s  policy  choices  involve  questions 
about  whether  and  how  to  conduct  research  that,  in  the  future,  might  lead  to  a  geoengineering 
deployment,  not  the  deployment  question  itself.  Yet,  the  ability  to  conduct  a  proper  risk  assess¬ 
ment  of  alternative  proposals  for  the  governance  of  geoengineering  research  has  been  limited 
because  so  much  is  deeply  uncertain.  Policymakers  know  very  little  about  how  the  technology 
might  work  and,  at  least  as  importantly,  know  very  little  about  how  today’s  decisions  about 
research  might  affect  tomorrow’s  decisions  about  reducing  greenhouse  gas  emissions  and  any 
geoengineering  deployment. 

This  report  demonstrates  an  approach  to  quantitative  risk  assessment  under  such  condi¬ 
tions  of  deep  uncertainty,  based  on  a  multiscenario  vulnerability-and-response-option  frame¬ 
work.  The  study  uses  a  simple  simulation  model  to  project  the  consequences  of  three  alternative 
U.S.  government  policies  regarding  geoengineering  governance,  contingent  on  uncertainties 
about  the  future  potential  of  geoengineering  technologies,  the  seriousness  of  climate  change, 
the  potential  for  international  agreements  limiting  greenhouse  gas  emissions,  and  the  impact 
that  geoengineering  research  could  have  on  such  agreements.  The  model  is  run  over  many 
combinations  of  these  uncertainties  and  the  results  used  to  identify  potential  vulnerabilities  of 
each  policy — that  is,  future  conditions  under  which  each  would  fail  to  meet  U.S.  government 
goals. 

This  report  offers  only  the  initial  steps  of  a  full  RDM  analysis.  A  full  analysis  could  give 
decisionmakers  confidence  that  they  had  thoroughly  explored  the  vulnerabilities  of  a  large  set 
of  alternative  policy  options  and  that  could  allow  them  to  quantitatively  weigh  the  trade-offs 
among  these  alternatives.  The  current  study  also  makes  many  simplifying  assumptions  that  a 
more-complete  analysis  would  relax.  Nonetheless,  the  work  presented  here  suggests  the  poten¬ 
tial  of  this  approach  for  the  systematic  assessment  of  the  risks  of  alternative  geoengineering 
policies,  suggests  some  of  the  key  factors  that  a  full  analysis  would  need  to  include,  and  offers 
some  initial  suggestions  toward  the  trade-offs  the  U.S.  government  might  consider  as  it  weighs 
whether  and  how  to  manage  research  on  SRM  geoengineering  systems. 

This  analysis  offers  the  following  preliminary  results  for  policymakers.  If  U.S.  policy¬ 
makers  believe  that  some  type  of  SRM  technology  is  possible,  they  ought  to  prefer  the  Strong 
Norms  policy.  Under  such  conditions,  this  option  outperforms  the  other  two  alternatives  con¬ 
sidered  here  because  it  increases  the  likelihood  of  a  successful  deployment  in  those  cases  in 
which  geoengineering  proves  useful.  It  also  reduces  the  likelihood  of  failed  deployments  by 
nations  struggling  to  respond  to  serious  climate  impacts.  But  if  U.S.  policymakers  believe  that 
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no  SRM  geoengineering  technology  is  likely  to  succeed,  a  Strong  Norms  policy  could  lead  to 
overconfidence — enabling  tests  that,  in  turn,  enable  deployment  of  SRM  systems  that  fail  to 
work  as  expected.  In  addition,  even  if  policymakers  believe  that  SRM  technology  could  suc¬ 
ceed,  under  some  conditions  (unfavorable  conditions  for  international  agreements),  the  Strong 
Norms  policy  could  advance  some  U.S.  goals  less  successfully  than  a  Ban  or  No  Norms  policy. 

If  they  believe  that  successful  SRM  technology  is  unlikely,  U.S.  policymakers  might 
prefer  the  Ban  or  No  Norms  option  to  Strong  Norms.  The  Ban  policy  appears  best  if  pol¬ 
icymakers  believe  that  climate  change  will  likely  prove  severe  but  not  catastrophic.  Under 
such  conditions,  this  option  reduces  the  risks  of  overconfidence — deploying  a  geoengineering 
system  that  passes  its  tests  but  fails  in  practice.  This  option  also  increases  the  likelihood  of 
reaching  an  international  agreement  to  reduce  greenhouse  gas  emissions. 

In  contrast,  U.S.  policymakers  might  prefer  No  Norms  to  Strong  Norms  or  a  Ban  policy 
if  they  believe  that  climate  change  might  prove  catastrophic.  Given  our  assumption  that  unco¬ 
ordinated,  conflicting  geoengineering  field  tests  can  undermine  all  nations’  ability  to  learn 
from  such  tests,  the  No  Norms  policy  could  ultimately  prove  more  effective  than  a  Ban  policy 
at  preventing  geoengineering  deployments  that  are  unlikely  to  succeed  and  that  might  make 
matters  worse  under  dire  circumstances. 

The  analysis  on  which  these  observations  are  based,  of  course,  would  require  significant 
refinement  before  it  could  move  beyond  a  rough  scan  of  vulnerabilities  and  systematically 
evaluate  the  trade-offs  among  alternative  policy  options. 

First,  the  existing  simulation  could  be  used  to  conduct  a  more-complete  RDM  analy¬ 
sis  of  the  alternative  policy  options.  The  present  simulation  contains  many  more  uncertain 
input  parameters  than  those  varied  in  the  analysis  presented  here.  In  particular,  the  condi¬ 
tional  probability  tables  for  the  17  nodes  in  the  Bayesian  network  derive  from  93  independent 
parameters.  A  full  RDM  analysis  would  replace  the  16  scenarios  in  Figure  3.4  with  a  database 
of  several  thousand  cases  using  a  statistical  experiment  design  (e.g.,  Latin  hypercube  sample; 
see  Saltelli,  Chan,  and  Scott,  2000)  spanning  all  the  parameters  defining  the  values  in  the 
conditional  probability  tables.  To  replace  Figure  3.4  and  Table  4.1,  the  analysis  would  then 
summarize  these  thousands  of  cases  using  scenario-discovery  algorithms  that  identify  easy- 
to-interpret  clusters  of  cases  that  best  represent  the  vulnerabilities  of  each  policy  (Bryant  and 
Lempert,  2010;  Groves  and  Lempert,  2007).  This  scenario  discovery  would  provide  informa¬ 
tion  about  the  importance  of  the  four  uncertain  parameters  considered  in  this  study  compared 
to  other  key  uncertainties,  as  well  as  a  more-exhaustive  exploration  of  the  policies’  potential 
vulnerabilities,  including  some  that  decisionmakers  might  regard  as  surprises  (Lempert,  2007; 
Lempert,  Popper,  and  Bankes,  2002).  Once  the  RDM  analysis  identifies  the  policies’  vulner¬ 
able  scenarios,  it  could  then  suggest  how  likely  these  scenarios  would  need  to  be  in  order  for 
policymakers  to  choose  one  policy  option  over  another.  For  instance,  such  an  analysis  would 
likely  highlight  the  importance  of  our  assumption  that  uncoordinated  geoengineering  tests 
can  undermine  the  ability  to  learn  from  such  tests  to  the  potential  vulnerabilities  of  the  Ban 
policy.  An  enhanced  analysis  might  also  suggest  how  much  confidence  policymakers  would 
need  to  have  in  geoengineering  technologies  in  order  to  justify  choosing  Strong  Norms  over 
the  Ban  policy. 

The  data  used  to  inform  the  current  simulation  could  also  be  significantly  improved.  At 
present,  the  ranges  and  nominal  values  in  the  conditional  probability  tables  represent  only 
our  judgments.  Analysts  could  conduct  a  formal  elicitation  process  of  experts  in  such  fields  as 
geoengineering  technology  and  environmental  politics  to  inform  the  range  of  values  for  these 
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parameters  (Morgan  et  al.,  2009).  Combined  with  the  RDM  uncertainty  analysis,  these  expert 
elicitations  would  provide  the  best  available  information  to  evaluate  trade-offs  among  the  deci¬ 
sion  options. 

Finally,  enhancements  to  the  simulation  could  expand  the  range  of  policy  options  con¬ 
sidered  and  more-thoroughly  explore  each  strategy’s  vulnerabilities.  This  would  improve  the 
study’s  ability  to  suggest  more-robust  strategies.  The  current  simulation  has  only  a  very  crude 
time  dimension.  Increasing  the  model’s  temporal  resolution  could  permit  evaluation  of  poli¬ 
cies  that  evolve  over  time  in  response  to  new  information.  For  instance,  policy  might  exploit 
a  failed  geoengineering  test  to  encourage  a  more-urgent  effort  to  reduce  greenhouse  gases.  A 
model  that  differentiates  between  laboratory  and  field  experiments  would  allow  the  consider¬ 
ation  of  near-term  policies  intermediate  between  Strong  Norms  and  a  Ban  policy,  ones  that 
could  pursue  aggressive  laboratory  and  computer  testing  before  determining  the  conditions  for 
testing  SRM  in  the  held.  It  is  not  immediately  obvious  how  considering  more-adaptive  policies 
might  affect  the  results  presented  here.  For  instance,  an  adaptive  Strong  Norms  policy  might 
prove  less  vulnerable  because  it  could  respond  appropriately  to  initial  research  that  might  sug¬ 
gest  that  geoengineering  technology  is  likely  to  fail.  Ffowever,  such  research  might  fail  to  alle¬ 
viate  a  Strong  Norms  policy’s  potential  overconfidence. 

A  full  RDM  analysis  using  such  an  enhanced  simulation  could  help  examine  such  ques¬ 
tions.  Such  an  analysis  would  enable  policymakers  to  explore  ways  to  reduce  the  potential  for 
any  overconfidence  in  Strong  Norms  and  identify  the  scenarios  in  which  it  might  prove  most 
dangerous.  Such  an  analysis  could  help  design  more-robust  policies  than  considered  here  by 
iterating  through  several  cycles  of  vulnerability-and-response-option  analyses,  at  each  stage 
evaluating  actions  to  reduce  vulnerabilities  of  policies  like  Strong  Norms,  and  then  exploring 
for  any  new  vulnerabilities  introduced  by  those  actions.  (See  Lempert,  Groves,  et  ah,  2006,  for 
an  example  of  such  an  iterative  RDM  analysis.) 

Disaggregating  other  nodes  could  also  enrich  the  evaluation  of  policies.  For  instance,  a 
revised  model  might  consider  separately  the  international  conditions  affecting  prospects  for 
agreements  on  emission  reductions  and  on  geoengineering  deployments.  Such  disaggregation 
might  also  allow  consideration  of  near-term  policy  choices  that  could  affect  the  types  of  future 
agreements  reached.  For  instance,  the  venues  used  by  the  U.S.  government  to  pursue  or  block 
norms  on  geoengineering  research  might  affect  the  potential  for  international  agreements  on 
greenhouse  gas  reductions.  Appropriate  risk-sharing  and  conflict-resolution  mechanisms  con¬ 
sistent  with  Victor’s  concept  of  cocktail  geoengineering  might,  for  instance,  reduce  the  vulner¬ 
abilities  the  current  Strong  Norms  policy  exhibits  for  the  conflict  measure  and  the  impacts  on 
other  nations. 

Relaxing  the  state-centered  focus  of  the  current  analysis  might  also  enrich  understanding 
of  the  “stickiness”  of  alternative  near-term  policies — that  is,  help  evaluate  how  initial  policy 
choices  might  create  political  coalitions  that  would  make  some  future  policy  adjustments  easier 
to  pursue  than  others.  The  formation  of  such  coalitions  can  play  an  important  role  in  the 
longevity  of  various  policies  (Patashnik,  2003).  For  instance,  some  research  policies  might 
encourage  private-sector  actors  to  begin  geoengineering  programs  that  might  constrain  future 
government  policy. 

Despite  the  potential  usefulness  of  such  enhancements,  the  current  study  provides  useful 
contributions  to  the  growing  policy  debates  over  geoengineering.  It  demonstrates  an  approach 
for  a  risk  analysis  that  can  address  questions  regarding  the  governance  of  geoengineering 
research  despite  the  deep  uncertainties  involved.  It  identifies  some  of  the  steps  needed  to  con- 
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duct  a  more-complete  assessment  of  such  questions.  Finally,  it  provides  some  initial  policy 
results.  In  particular,  the  Royal  Society  and  other  commentators  have  recommended  policies 
similar  to  Strong  Norms  as  the  best  means  for  managing  geoengineering  activities  in  the  near 
term.  The  analysis  presented  here  suggests  that  such  recommendations  might  prove  reasonable 
but  rest  on  several  key  assumptions  that  might  not  necessarily  hold.  Strong  Norms  assumes 
that  there  is  a  reasonable  chance  that  SRM  technology  could  prove  successful.  If  such  technol¬ 
ogy  is  unlikely  to  work,  the  Strong  Norms  policy  might  increase  the  likelihood  of  an  unsuc¬ 
cessful  deployment  in  response  to  abrupt  climate  change.  In  addition,  Strong  Norms  assumes 
that  international  conditions  are  reasonably  favorable  for  agreements  governing  greenhouse 
gas  emission  reductions  and  geoengineering  deployments.  If  such  conditions  do  not  hold,  the 
Strong  Norms  policy  might  increase  the  likelihood  of  a  conflict-provoking,  unilateral  geoen¬ 
gineering  deployment. 

Whether  or  not  they  share  these  assumptions,  understanding  the  potential  vulnerabilities 
of  the  Strong  Norms  and  other  options  can  help  policymakers  understand  the  risks  posed  by 
alternative  decisions,  help  them  design  potentially  more-robust  options,  and  better  manage  the 
risks  and  opportunities  presented  by  geoengineering  technology. 
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Types  of  Geoengineering  Technologies 


The  literature  describes  two  general  types  of  geoengineering  technologies:  CDR  and  SRM. 
This  appendix  describes  key  representatives  of  each  type,  although  the  study  focuses  on  the 
latter. 

Carbon-removal  technologies  limit  greenhouse  gas-induced  climate  change  by  extract¬ 
ing  CO,  directly  from  the  atmosphere  and  then  storing  it  in  some  type  of  reservoir.1  CDR 
approaches  can  include  reforestation  projects,  in  which  growing  trees  extract  and  store  carbon. 
Although  such  reforestation  projects  are  low  cost  and  might  provide  many  environmental 
benefits  related  to  the  preservation  of  habitat,  they  offer  only  limited  capacity  to  store  carbon 
compared  to  the  magnitude  of  emissions  from  fossil-fuel  combustion.  CDR  approaches  also 
include  ocean-iron  or  ocean-nitrogen  fertilization,  in  which  iron  compounds  are  added  to 
selected  regions  of  the  ocean  to  stimulate  growth  of  phytoplankton  that  absorbs  CO,  and 
transfers  it  to  the  deep  ocean  when  the  organisms  die.  This  approach  has  been  much  discussed, 
though  recent  ocean-iron  tests  have  not  initially  proved  promising. 

The  natural  carbon  cycle  removes  CO,  from  the  atmosphere  on  a  long-term  basis  through 
the  weathering  of  carbonate  and  silicate  rocks.  Some  CDR  approaches  aim  to  accelerate  these 
natural  processes  (House  et  ah,  2007).  For  instance,  one  proposal  would  mix  finely  ground 
silicate  materials  to  agricultural  soils,  which  would  then  absorb  CO,  from  the  atmosphere. 
Estimates  suggest  that  adding  an  amount  of  silicate  equal  to  about  twice  the  current  global 
rate  of  coal  mining  to  soils  could  counteract  all  current  anthropogenic  greenhouse  gas  emis¬ 
sions.  Although  thus  potentially  very  effective,  such  approaches  would  likely  prove  costly,  and 
their  environmental  impacts  on  soils,  although  not  obviously  adverse,  are  poorly  understood. 
Another  approach  with  potentially  unlimited  capacity  involves  devices  that  capture  CO, 
directly  from  the  air  for  subsequent  sequestration  in  geological  formations.  For  instance,  large 
radiator-like  screens  could  be  deployed  that  would  use  highly  alkaline  solutions  to  absorb  the 
CO,  from  the  air  passing  through.  Such  air-capture  systems  might  prove  significantly  more 
costly  than  extracting  CO,  from  the  far  denser  streams  in  the  effluents  of  power  plants.  But 
the  economics  of  air  capture  might  be  aided  by  the  flexibility  to  site  facilities  near  storage  sites 
or  near  sources  of  excess  energy  supply.  The  environmental  impacts  of  such  systems  involve  any 
danger  of  leakage  from  storage  sites  and  the  need  to  occupy  large  tracts  of  land. 

The  characteristics  of  most  CDR  approaches  suggest  that  they  would  fit  relatively  easily 
into  proposed  institutions  for  addressing  climate  change,  would  pose  few  new  security  issues, 
and  could  largely  be  managed  by  national  governments.  Overall,  CDR  approaches  act  slowly. 
None  could  change  the  atmospheric  concentration  of  greenhouse  gases  by  more  than  a  frac- 
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tion  of  a  percent  per  year  and  thus,  at  best,  would  take  decades  to  counteract  even  the  cur¬ 
rent  buildup  of  such  gases.  Although  a  single  or  few  nations  could,  in  principle,  implement 
CDR  approaches  unilaterally,  the  costs,  at  best,  will  not  likely  prove  much  smaller  than  many 
approaches  to  limit  greenhouse  gas  emissions.  Thus,  CDR  would  most  likely  be  employed  as 
one  part  of  an  international  effort  to  limit  atmospheric  concentrations  of  greenhouse  gases.  For 
example,  such  an  effort  might  finance  CDR  systems  by  allowing  them  to  serve  as  offsets  or  sell 
permits  in  a  cap-and-trade  system.  Many  reforestation  projects  have  already  been  funded  in 
this  fashion  using  the  clean-development  mechanism  of  the  Kyoto  Protocol.2 

Direct  carbon-removal  systems  do  pose  governance  issues.  Any  approach  that  gener¬ 
ates  offsets  or  permits  would  require  standards  for  monitoring,  validation,  and,  perhaps,  dis¬ 
cussions  of  how  much  ultimately  needs  to  be  removed.  They  would  require  arrangements  to 
address  liability  for  leakage  from  storage  decades  into  the  future.  Any  adverse  environmental 
impacts  of  CDR  approaches  might  prove  relatively  minor,  and  any  that  do  occur  should  prove 
relatively  localized  in  the  land  or  ocean  area  surrounding  the  implementation.  Nonetheless, 
tests  of  CDR  systems  will  require  appropriate  regulation  and  safeguards.  For  instance,  recent 
negotiations  under  the  London  ocean  dumping  convention  have  established  rules  (Interna¬ 
tional  Maritime  Organization,  2008)  that  govern  disclosure  and  impact  assessments  of  ocean- 
fertilization  tests.  But  most  CDR  systems  will  fall  under  national  jurisdictions,  only  minimally 
crossing  national  boundaries,  so  any  environmental  impacts  could  be  managed  appropriately 
by  existing  national  institutions. 

In  contrast,  SRM  approaches  would  prove  much  more  difficult  to  manage.  SRM  tech¬ 
nologies  reflect  a  small  amount  of  incoming  solar  radiation  back  into  space,  thereby  cooling 
the  planet  to  offset  some  of  the  warming  from  increased  concentrations  of  greenhouse  gases. 
One  SRM  approach  that  increases  the  reflectivity  of  the  earth’s  surface  by  brightening  human 
infrastructure  (for  instance,  by  painting  roofs  white)  has  few  adverse  side  effects  but  could 
counteract  only  a  small  fraction  of  warming. 

Other  SRM  approaches  offer  much  more-significant  impacts  but  with  more-significant 
risks.  One  approach  would  inject  sulfate  particles  into  the  lower  stratosphere  in  order  to 
increase  its  reflectivity.  The  effects  would  mimic  those  from  large  volcanic  eruptions,  such  as 
Mount  Pinatubo  in  1991,  which  cooled  the  earth  by  about  0.5  degree  Celsius  for  about  two 
years.  Calculations  suggest  that  reducing  solar  input  by  about  2  percent  would  counteract  the 
warming  from  a  doubling  of  greenhouse  gas  concentrations  in  the  atmosphere.  This  reduction 
could  require  injecting  about  1  million  to  5  million  tons  of  sulfur,  perhaps  sulfate  aerosols, 
annually  to  an  altitude  of  about  20  kilometers.  This  amount  is  equivalent  to  a  small  portion 
of  the  annual  global  air  transport.3  The  economics  are  surprisingly  feasible,  on  the  order  of 
tens  of  billions  of  dollars,  one  or  more  orders  of  magnitude  less  than  the  estimates  of  costs  of 
reducing  emissions  of  greenhouse  gases.  Climate  model  calculations  and  scientific  observations 
of  the  aftermath  of  the  Mount  Pinatubo  eruption  suggest  that  a  future  climate  that  combines 
a  doubling  of  greenhouse  gas  concentrations  with  sulfate  aerosol  geoengineering  would  be 
much  closer  to  the  current  climate  than  one  with  a  doubling  of  greenhouse  gas  concentrations 


2  Kyoto  Protocol  to  the  United  Nations  Framework  Convention  on  Climate  Change.  The  clean-development  mechanism 
is  defined  in  Article  12  of  the  convention. 

3  Each  of  the  major  world  airports  handles  several  million  tons  of  cargo  per  year  (see  Airports  Council  International, 
2009).  The  Berlin  airlift  of  1948-1949  moved  comparable  amounts  of  material  by  air.  Depending  on  the  required  deposi¬ 
tion  altitude,  the  transport  issue  might  become  more  significant. 
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alone.  But  studies  also  suggest  that  Mount  Pinatubo’s  eruption  led  to  substantial  decreases  in 
precipitation  over  land  areas  and  about  a  2-percent  reduction  of  stratospheric  ozone  levels.  Ini¬ 
tial  model  simulations  suggest  that  sulfate  geoengineering  could  similarly  reduce  precipitation 
from  the  Asian  monsoons,  cause  other  adverse  changes  in  regional  weather  patterns,  and  thin 
the  ozone  layer.  Sulfate  aerosols  also  do  not  address  other  impacts  of  increased  atmospheric 
concentrations  of  CO,,  such  as  ocean  acidification. 

Another  SRM  approach  would  enhance  cloud  albedo  by  spraying  fine  particulates  into 
the  low-level  marine  clouds  that  cover  about  one-quarter  of  the  earth’s  ocean  surface.  Such 
particles  would  serve  as  condensation  nuclei,  whitening  the  clouds  and  cooling  the  earth  by 
increasing  its  reflectivity.  Solar-reflector  approaches  would  place  sun  shields  in  space,  either 
in  near-earth  orbit  or  at  the  Lagrange  (LI)  point  about  1.5  million  km  from  earth  where  the 
gravitational  attraction  of  the  earth  and  sun  balance.  Similarly  to  the  stratospheric  aerosol 
approaches,  the  effectiveness  and  potential  adverse  effects  of  both  these  approaches  are  poorly 
understood.  Cloud-albedo  enhancement  could  prove  similarly  cost-effective  as  stratospheric 
aerosols — estimates  suggest  that  a  fleet  of  roughly  1,500  ships  could  implement  the  cloud¬ 
whitening  approach — but  could  alter  weather  patterns  and  ocean  currents.  Deploying  space- 
based  reflectors  could  prove  significantly  more  expensive  and  could  also  affect  the  climate  in 
different  regions  differently. 

Overall,  several  SRM  technologies — including  sulfate  aerosols,  cloud  whitening,  and 
near-earth  orbit  solar  reflectors — provide  a  quick-acting,  potentially  reversible,  and  possibly 
inexpensive  approach  to  countering  some  of  the  most-important  impacts  of  climate  change. 
However,  these  technologies  also  present  significant  risks  of  adverse  unintended  consequences, 
most  of  which  are,  at  present,  very  poorly  understood. 
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This  appendix  summarizes  the  current  behavior  of  the  eight  relationship  nodes  in  Figures  3.1, 
3.2,  and  3.3.  This  behavior  is  chosen  to  illustrate  the  complex  relationship  and  large  dynamic 
range  of  possible  outcomes.  The  conditional  probability  tables  and  a  description  of  how  they 
were  created  are  given  in  Appendix  C.  Future  work  will  vary  the  conditional  probability  tables 
and  therefore  increase  the  range  of  possible  outcomes  described  in  this  appendix.  Table  B.l 


Table  B.l 

Relationships  Among  Nodes  in  Bayesian  Network 


Node 

State 

Influences 

Is  Influenced  by 

EmissionsReductions 

Strong,  Weak 

ClimatelmpactsUS3 

ClimatelmpactOthers3 

Col  lateral  Damage3 
USDeploys 

OthersDeploy 

Potential  ForAgreementb 
GeoEngineering  Influence13 
USTests 

OthersTest 

DeploymentAgreement 

USTests 

Multilateral,  Unilateral, 
NoTest 

TestResults 

EmissionsReductions 

Norms'- 

OthersTest 

Unilateral,  NoTest 

TestResults 

EmissionsReductions 

Norms'- 

TestResults 

GlobalSuccess, 
SuccessforUS, 
SuccessforOthers,  Failure, 
NoResults 

USDeploys 

OthersDeploy 

DeploymentResults 

GeoEngineering  Potential13 
USTests 

OthersTest 

DeploymentAgreement 

GoverningRules,  Ban, 

NoAg  reement 

USDeploys 

OthersDeploy 

EmissionsReductions 

Normsc 

PotentialforAg  reementb 

USDeploys 

Multilateral,  Unilateral, 
NoDeployment 

DeploymentResults 

ClimateChangeb 

EmissionsReductions 

DeploymentAgreement 

TestResults 

OthersDeploy 

Unilateral,  NoDeployment 

DeploymentResults 

ClimateChangeb 

EmissionsReductions 

DeploymentAgreement 

TestResults 

DeploymentResults 

GlobalSuccess, 

SuccessforUS, 

SuccessforOthers 

Failure 

NoResults 

ClimatelmpactsUS3 
ClimatelmpactsOthers3 
Col  lateral  Damage3 
Conflict3 

GeoEngineeringPotentialb 

TestResults 

USDeploys 

OthersDeploy 

a  Measure. 
b  Uncertainty. 
c  Lever. 
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summarizes  each  of  the  eight  relationship  nodes,  their  states,  and  the  nodes  that  each  node 
influences  and  is  influenced  by. 

EmissionsReductions  Node 

This  node  is  influenced  by  international  political  conditions  and  whether  or  not  undertaking 
geoengineering  research  affects  the  international  will  to  cut  greenhouse  gases.  The  latter  is  gov¬ 
erned  by  the  scenario  choice  of  either  a  strong  or  weak  geoengineering  influence.  The  Weak 
condition  dissociates  geoengineering  tests  and  decisions  from  progress  on  global  greenhouse 
gas-reduction  progress. 

Under  a  strong  influence  scenario,  anything  that  indicates  that  geoengineering  is  a  serious 
option  leads  to  weak  reductions  in  global  emissions.  This  could  be  a  result  of  serious  interna¬ 
tional  negotiations  (shown  by  governing  rules)  or  decisions  to  conduct  large-scale,  expensive 
field  tests  of  geoengineering.  These  tests  might  take  decades  to  complete  and  could  lead  to 
decisions  to  wait  for  the  results  before  instituting  emission  reductions  that  have  adverse  eco¬ 
nomic  impacts.  An  international  agreement  on  how  to  deploy  geoengineering  creates  a  belief 
that  collateral  damage  will  be  controlled  and  geoengineering  is  possible.  Of  the  three  choices 
on  deployment  agreements,  governing  rules  are  likely  to  have  the  greatest  negative  impact  on 
emission  reductions  because  formal  agreements  signal  that  the  global  community  believes  that 
geoengineering  might  well  be  needed  and  might  work.  Thus,  there  is  even  a  small  possibility 
that  strong  agreements,  even  without  testing,  can  lead  to  weak  emission  reductions  because  the 
community  believes  that,  in  a  crisis,  geoengineering  might  be  deployed  with  no  prior  testing. 

We  assume  that  no  agreement  suggests  that  geoengineering  is  less  likely  to  be  pursued 
and  therefore  has  less  of  an  impact  on  greenhouse  gas  reductions,  especially  if  there  are  no  tests 
conducted. 

Large-scale  greenhouse  gas  reduction  will  require  a  global  effort;  therefore,  unfavorable 
political  and  economic  conditions  lead  to  weak  greenhouse  gas  reduction. 


Test  Decision  Nodes 

The  tests  considered  here  are  large-scale  field  tests.  In  actuality,  these  tests  will  probably  be  a 
series  of  experimental  campaigns  lasting  perhaps  decades.  A  decision  to  test  geoengineering 
might  be  made  either  unilaterally  or  multilaterally.  A  multilateral  test  is  conducted  by  a  group 
of  nations  working  collaboratively.  Such  tests  are  likely  to  give  information  about  both  poten¬ 
tial  global  and  regional  impacts.  Multilateral  tests  are  designed  to  maximize  favorable  global 
effects.  In  this  network,  it  is  assumed  that  any  multilateral  testing  will  include  the  United 
States.  A  unilateral  test  is  conducted  by  a  single  nation  or  a  small  group  of  nations  acting  alone. 
Such  tests  are  most  likely  to  be  designed  to  yield  favorable  regional  impacts  rather  than  global 
impacts.  The  decision  to  test  is  influenced  by  three  possible  levels  of  norms.  Strong  Norms 
policies  favor  multilateral  tests,  while  No  Norms  policies  favor  unilateral  tests.  A  norm  that 
promotes  a  ban  restricts  testing  by  the  United  States,  but  less  so  by  others  due  to  the  assumed 
asymmetry  in  meeting  one’s  obligations  to  international  agreements  discussed  earlier.  Only 
under  No  Norms  are  multiple  tests  possible  as  the  United  States  abides  by  a  ban  and,  under 
Strong  Norms,  tests  are  coordinated  to  prevent  interference.  Others’  tests  might  take  place 
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even  in  the  face  of  a  ban  if  countries  feel  they  need  an  option  in  the  event  of  catastrophic  cli¬ 
mate  change. 

For  simplicity,  we  have  chosen  to  omit  laboratory  tests  and  computer  simulations, 
although  they  would  certainly  precede  field  testing.  They  might  have  an  impact  on  greenhouse 
gas  reduction  if  geoengineering  influence  were  high  and  certainly  need  to  be  considered  in  a 
more- extensive  model.  We  believe  it  unlikely  that  either  the  simulations  or  laboratory  tests 
would  be  negative  enough  to  definitively  preclude  any  field  testing. 


TestResults  Node 

Test  success  must  be  defined  by  success  compared  to  what  and  for  whom.  Success  means  that 
the  climate  is  considerably  better  with  geoengineering  than  without.  It  does  not  mean  a  com¬ 
plete  lack  of  droughts,  desertification,  or  other  effects.  A  global  success  means  that  there  are 
widespread  beneficial  impacts.  Success  for  others  or  success  for  the  United  States  means  that 
the  specific  political  entity  is  favorably  affected,  but  many  other  areas  suffer  adverse  impacts. 

Failure  means  that  there  is  no  indication  that  the  proposed  technology  provides  a  benefi¬ 
cial  impact  and,  in  fact,  might  actually  make  the  situation  worse.  No  results  indicate  that  no 
test  was  conducted. 

The  choice  of  norm  policy  affects  only  the  probability  that  one  conducts  the  tests,  not  the 
relative  outcome  of  the  tests. 

Tests  might  yield  results  other  than  what  was  expected  or  desired.  For  example,  a  multi¬ 
lateral  test  could  show  that  there  are  no  globally  beneficial  results  but  that  there  are  significant 
benefits  to  others.  A  unilateral  U.S.  test  could  show  beneficial  effects  for  others.  Others  might 
then  base  future  decisions  on  these  results. 

The  test  results  are  affected  by  the  uncertainty  in  the  technology  and  who  conducts  the 
tests.  Multilateral  tests  are  more  likely  to  have  beneficial  results  than  unilateral  tests.  If  multiple 
unilateral  tests  are  conducted,  the  likelihood  of  failure  is  high  due  to  the  difficulty  of  interpret¬ 
ing  results  in  the  presence  of  multiple  drivers  and  competing  climatic  effects.  Multiple  tests  are 
highly  unlikely  under  a  Strong  Norms  policy.  An  assessment  that  geoengineering  is  unlikely 
to  succeed  (an  X  variable)  leads  only  to  a  reduced  likelihood  of  success,  not  a  zero  probability. 


DeploymentAgreement  Node 

Similar  to  norms,  deployment  agreements  have  three  states:  GoverningRules,  Ban,  and 
NoAgreement.  A  GoverningRules  state  implies  that  geoengineering  is  taken  seriously  by  the 
world  community.  In  this  state,  governments  reach  an  international  agreement  governing  the 
deployment  of  any  geoengineering  system.  The  agreement  might  include  rules  and  funding  for 
providing  compensation  for  any  adverse  regional  impacts.  The  agreement  might  also  include 
requirements  that  any  geoengineering  deployment  includes  cocktail  technologies  to  reduce 
collateral  impacts. 

A  Ban  state  indicates  an  international  agreement  to  prohibit  any  deployment  of  geoengi¬ 
neering.  Monitoring  protocols  and  international  sanctions  for  countries  that  deploy  outside  of 
the  agreement  might  also  be  included. 
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The  likelihood  of  any  of  these  states  occurring  is  closely  correlated  to  the  existing  norms, 
moderated  by  whether  or  not  the  global  community  is  cooperating. 


Deployment-Decision  Nodes:  USDeploys  and  OthersDeploy 

The  deployment  decision  will  depend  on  the  presence  or  absence  of  test  results,  the  urgency  of 
the  climate  situation  as  determined  by  progress  on  greenhouse  gas  reduction,  climate  predic¬ 
tions,  and  a  general  belief  in  the  possibility  of  geoengineering. 

Under  catastrophic  conditions,  the  only  instance  in  which  geoengineering  is  not  deployed 
is  as  a  result  of  a  failed  test.  A  lack  of  testing  does  not  halt  deployment.  Neither  emission  reduc¬ 
tion  nor  international  agreement  halts  deployment.  This  could  result  in  multiple  geoengineer¬ 
ing  strategies  being  implemented  simultaneously.  If  there  is  a  global  test  success,  the  United 
States  will  deploy  as  part  of  a  multilateral  team.  If  there  is  only  a  U.S.  success,  the  United  States 
will  still  deploy  unilaterally  in  spite  of  any  governing  agreements.  The  United  States  does  not 
deploy  if  there  is  a  success  for  others  and  no  U.S.  success.  Others’  behavior  is  similar — others 
deploy  except  in  the  presence  of  a  failure  or  U.S.  success. 

Under  severe  but  not  catastrophic  climate  conditions,  deployment  decisions  are  less  likely. 
The  United  States  will  live  up  to  its  international  commitments.  The  United  States  is  likely  to 
deploy  only  after  successful  global  tests  and  in  the  presence  of  weak  emission  reduction.  Even 
with  success  for  the  United  States,  weak  emission  reductions,  and  severe  climate  predictions, 
the  United  States  obeys  its  international  agreements  and  does  not  deploy  unilaterally  if  there 
are  governing  rules.  This  is  the  negative  aspect  of  strong  governance. 

Others’  behavior  mirrors  U.S.  behavior  for  catastrophic  climate  conditions  but  not  severe 
conditions.  It  is  assumed  that  others  might  deploy  in  severe  conditions  in  spite  of  either  strong 
agreements  or  bans.  This  reflects  the  asymmetry  between  U.S.  behavior  and  others’  behavior. 

If  the  climatic  conditions  are  mild,  geoengineering  is  not  deployed  under  any  circumstances. 


DeploymentResults  Node 

Success  is  assumed  to  be  likely  if  geoengineering  potential  is  assessed  as  possible,  but  success  is 
reduced  by  either  a  failed  test  or  no  test.  Successful  results  are  also  less  likely  if  the  deployment 
occurs  contrary  to  test  results — for  example,  if  others  deploy  based  on  successful  U.S.  tests. 
The  success  rate  is  cut  substantially  if  multiple  deployments  are  undertaken  unless  one  of  the 
deployments  is  multilateral.  U.S.  and  others’  success  cannot  happen  simultaneously — that  is, 
only  a  global  success  can  have  low  impact  on  both  the  United  States  and  others.  If  geoengineer¬ 
ing  is  judged  to  be  impossible,  the  success  rate  is  cut  but  not  reduced  to  zero. 
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Conditional  Probability  Tables 


The  conditional  probability  tables  were  constructed  to  demonstrate  the  complex  relationships 
between  current  policy  choices  and  the  eventual  availability  and  efficacy  of  geoengineering. 
Using  our  judgment  for  each  of  the  “influenced-by”  nodes  given  in  Table  B.l  in  Appendix  B, 
we  generated  relationships  that  detail  the  strength  of  that  influence  on  a  particular  node  in  the 
chain  (i.e.,  how  important  that  factor  is  to  the  probability  of  achieving  a  particular  outcome). 

This  process  is  illustrated  in  Table  C.l  for  the  EmissionsReductions  node.  This  node  gives 
the  probability  that  strong  greenhouse  gas  reductions  will  occur.  The  EmissionsReductions 
node  is  influenced  by  five  factors:  geoengineering  influence,  potential  for  agreements,  deploy¬ 
ment  agreement,  U.S.  test,  and  others’  tests.  As  illustrated  in  Figure  C.l,  we  initially  deter¬ 
mined  that  weak  geoengineering  influence  would  have  no  impact  on  greenhouse  gas  reduc¬ 
tions  (0  percent  in  the  table),  while  unfavorable  potential  for  agreements  would  reduce  the 
likelihood  of  greenhouse  gas  reduction  by  50  percent.  The  influence  of  each  condition  is  shown 
in  the  grayed-out  portion  of  Table  C.l,  dependent  on  the  condition  of  each  of  the  five  parent 
nodes.  The  final  probabilities  for  the  strong  state  of  the  EmissionsReductions  node  are  simply 
computed  as  the  product  of  the  influences;  weak  is  then  computed  as  the  quantity  (1  -  strong). 
These  probabilities  are  bolded  in  Table  C.l. 

The  advantage  of  using  these  influence  tables  is  that  the  influences  can  be  varied  over 
wide  ranges  in  a  consistent  and  rapid  manner  to  determine  threshold  behavior  and  the  most- 
sensitive  critical  factors.  For  the  purposes  of  this  report,  single  values  were  chosen  with  the 
intent  of  demonstrating  the  wide  dynamic  range  of  the  results. 

The  actual  probability  tables  are  given  in  Tables  C.2  through  C.l 3.  The  probabilities  for 
the  states  of  each  node  are  given  on  the  left  as  a  function  of  the  states  of  the  parent  nodes  on 
the  right. 
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Table  C.1 

Emission-Reduction  Influence  Factors 


PotentialFor 

Deployment 

US 

Others 

GeoEngineering 

Agreements 

Agreement 

Tests 

Test 

Influence 

(Favorable, 

(Rules,  Ban, 

(Multi,  Uni, 

(Uni, 

(Strong,  Weak) 

Unfavorable) 

None) 

None) 

None) 

100% 

100% 

50% 

50% 

50% 

0% 

50% 

100% 

100% 

100% 

100% 

100% 

GE 

Influence 

PotentialFor 

Agreements 

(Favorable, 

Unfavorable) 

Deployment 

Agreement 

US 

Tests 

Others 

Test 

Strong 

Weak 

Strong 

Favorable 

Rules 

Multilateral 

Unilateral 

0.1250 

0.8750 

Strong 

Favorable 

Rules 

Multilateral 

None 

0.2500 

0.7500 

Strong 

Favorable 

Rules 

Unilateral 

Unilateral 

0.1250 

0.8750 

Strong 

Favorable 

Rules 

Unilateral 

None 

0.2500 

0.7500 

Strong 

Favorable 

Rules 

None 

Unilateral 

0.2500 

0.7500 

Strong 

Favorable 

Rules 

None 

None 

0.5000 

0.5000 

Strong 

Favorable 

Ban 

Multilateral 

Unilateral 

0.2500 

0.7500 

Strong 

Favorable 

Ban 

Multilateral 

None 

0.5000 

0.5000 

Strong 

Favorable 

Ban 

Unilateral 

Unilateral 

0.2500 

0.7500 

Strong 

Favorable 

Ban 

Unilateral 

None 

0.5000 

0.5000 

Strong 

Favorable 

Ban 

None 

Unilateral 

0.5000 

0.5000 

Strong 

Favorable 

Ban 

None 

None 

1.0000 

0.0000 

Strong 

Favorable 

None 

Multilateral 

Unilateral 

0.2500 

0.7500 

Strong 

Favorable 

None 

Multilateral 

None 

0.5000 

0.5000 

Strong 

Favorable 

None 

Unilateral 

Unilateral 

0.2500 

0.7500 

Strong 

Favorable 

None 

Unilateral 

None 

0.5000 

0.5000 

Strong 

Favorable 

None 

None 

Unilateral 

0.5000 

0.5000 

Strong 

Favorable 

None 

None 

None 

1.0000 

0.0000 

Strong 

Unfavorable 

Rules 

Multilateral 

Unilateral 

0.0625 

0.9375 

Strong 

Unfavorable 

Rules 

Multilateral 

None 

0.1250 

0.8750 

GE 

Influence 

PotentialFor 

Agreements 

Deployment 

Agreement 

US 

Tests 

Weak 

100% 

100% 

50% 

50% 

50% 

100% 

100% 

50% 

50% 

100% 

100% 

100% 

50% 

50% 

50% 

100% 

100% 

50% 

50% 

100% 

100% 

100% 

50% 

100% 

50% 

100% 

100% 

50% 

100% 

100% 

100% 

100% 

100% 

50% 

50% 

100% 

100% 

100% 

50% 

100% 

100% 

100% 

100% 

50% 

50% 

100% 

100% 

100% 

50% 

100% 

100% 

100% 

100% 

100% 

50% 

100% 

100% 

100% 

100% 

100% 

100% 

100% 

100% 

50% 

50% 

100% 

100% 

100% 

50% 

100% 

100% 

100% 

100% 

50% 

50% 

100% 

100% 

100% 

50% 

100% 

100% 

100% 

100% 

100% 

50% 

100% 

100% 

100% 

100% 

100% 

100% 

50% 

50% 

50% 

50% 

100% 

50% 

50% 

50% 

100% 
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Table  C.2 

Conditional  Probability  Table:  DeploymentAgreement 


GoverningRules 

Ban 

NoAgreement 

Norms 

PotentialForAgreements 

0.9 

0.1 

0 

Strong 

Favorable 

0.25 

0.125 

0.625 

Strong 

Unfavorable 

0.1 

0.9 

0 

Ban 

Favorable 

0.125 

0.25 

0.625 

Ban 

Unfavorable 

0.09 

0.09 

0.82 

NoNorm 

Favorable 

0.025 

0.025 

0.95 

NoNorm 

Unfavorable 

Table  C.3 

Conditional  Probability  Table:  EmissionsReductions 

Strong 

Weak 

GeoEngineering 

Influence 

PotentialFor 

Agreements 

Deployment 

Agreement 

USTests 

OthersTest 

0.125 

0.875 

Strong 

Favorable 

GoverningRules 

Multilateral 

Unilateral 

0.25 

0.75 

Strong 

Favorable 

GoverningRules 

Multilateral 

NoTest 

0.125 

0.875 

Strong 

Favorable 

GoverningRules 

Unilateral 

Unilateral 

0.25 

0.75 

Strong 

Favorable 

GoverningRules 

Unilateral 

NoTest 

0.25 

0.75 

Strong 

Favorable 

GoverningRules 

NoTest 

Unilateral 

0.5 

0.5 

Strong 

Favorable 

GoverningRules 

NoTest 

NoTest 

0.25 

0.75 

Strong 

Favorable 

Ban 

Multilateral 

Unilateral 

0.5 

0.5 

Strong 

Favorable 

Ban 

Multilateral 

NoTest 

0.25 

0.75 

Strong 

Favorable 

Ban 

Unilateral 

Unilateral 

0.5 

0.5 

Strong 

Favorable 

Ban 

Unilateral 

NoTest 

0.5 

0.5 

Strong 

Favorable 

Ban 

NoTest 

Unilateral 

1 

0 

Strong 

Favorable 

Ban 

NoTest 

NoTest 

0.25 

0.75 

Strong 

Favorable 

NoAgreement 

Multilateral 

Unilateral 

0.5 

0.5 

Strong 

Favorable 

NoAgreement 

Multilateral 

NoTest 

0.25 

0.75 

Strong 

Favorable 

NoAg  reement 

Unilateral 

Unilateral 

0.5 

0.5 

Strong 

Favorable 

NoAgreement 

Unilateral 

NoTest 

0.5 

0.5 

Strong 

Favorable 

NoAgreement 

NoTest 

Unilateral 

1 

0 

Strong 

Favorable 

NoAgreement 

NoTest 

NoTest 

0.0625 

0.9375 

Strong 

Unfavorable 

GoverningRules 

Multilateral 

Unilateral 

0.125 

0.875 

Strong 

Unfavorable 

GoverningRules 

Multilateral 

NoTest 

0.0625 

0.9375 

Strong 

Unfavorable 

GoverningRules 

Unilateral 

Unilateral 

0.125 

0.875 

Strong 

Unfavorable 

GoverningRules 

Unilateral 

NoTest 

0.125 

0.875 

Strong 

Unfavorable 

GoverningRules 

NoTest 

Unilateral 
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Table  C.3 — Continued 


Strong 

Weak 

GeoEngineering 

Influence 

PotentialFor 

Agreements 

Deployment 

Agreement 

USTests 

OthersTest 

0.25 

0.75 

Strong 

UnFavorable 

GoverningRules 

NoTest 

NoTest 

0.125 

0.875 

Strong 

Unfavorable 

Ban 

Multilateral 

Unilateral 

0.25 

0.75 

Strong 

UnFavorable 

Ban 

Multilateral 

NoTest 

0.125 

0.875 

Strong 

UnFavorable 

Ban 

Unilateral 

Unilateral 

0.25 

0.75 

Strong 

UnFavorable 

Ban 

Unilateral 

NoTest 

0.25 

0.75 

Strong 

UnFavorable 

Ban 

NoTest 

Unilateral 

0.5 

0.5 

Strong 

UnFavorable 

Ban 

NoTest 

NoTest 

0.125 

0.875 

Strong 

UnFavorable 

NoAgreement 

Multilateral 

Unilateral 

0.25 

0.75 

Strong 

UnFavorable 

NoAgreement 

Multilateral 

NoTest 

0.125 

0.875 

Strong 

UnFavorable 

NoAgreement 

Unilateral 

Unilateral 

0.25 

0.75 

Strong 

UnFavorable 

NoAgreement 

Unilateral 

NoTest 

0.25 

0.75 

Strong 

UnFavorable 

NoAgreement 

NoTest 

Unilateral 

0.5 

0.5 

Strong 

UnFavorable 

NoAgreement 

NoTest 

NoTest 

1 

0 

Weak 

Favorable 

GoverningRules 

Multilateral 

Unilateral 

1 

0 

Weak 

Favorable 

GoverningRules 

Multilateral 

NoTest 

1 

0 

Weak 

Favorable 

GoverningRules 

Unilateral 

Unilateral 

1 

0 

Weak 

Favorable 

GoverningRules 

Unilateral 

NoTest 

1 

0 

Weak 

Favorable 

GoverningRules 

NoTest 

Unilateral 

1 

0 

Weak 

Favorable 

GoverningRules 

NoTest 

NoTest 

1 

0 

Weak 

Favorable 

Ban 

Multilateral 

Unilateral 

1 

0 

Weak 

Favorable 

Ban 

Multilateral 

NoTest 

1 

0 

Weak 

Favorable 

Ban 

Unilateral 

Unilateral 

1 

0 

Weak 

Favorable 

Ban 

Unilateral 

NoTest 

1 

0 

Weak 

Favorable 

Ban 

NoTest 

Unilateral 

1 

0 

Weak 

Favorable 

Ban 

NoTest 

NoTest 

1 

0 

Weak 

Favorable 

NoAgreement 

Multilateral 

Unilateral 

1 

0 

Weak 

Favorable 

NoAgreement 

Multilateral 

NoTest 

1 

0 

Weak 

Favorable 

NoAgreement 

Unilateral 

Unilateral 

1 

0 

Weak 

Favorable 

NoAgreement 

Unilateral 

NoTest 

1 

0 

Weak 

Favorable 

NoAgreement 

NoTest 

Unilateral 

1 

0 

Weak 

Favorable 

NoAgreement 

NoTest 

NoTest 

0.5 

0.5 

Weak 

UnFavorable 

GoverningRules 

Multilateral 

Unilateral 

0.5 

0.5 

Weak 

UnFavorable 

GoverningRules 

Multilateral 

NoTest 
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Table  C.3 — Continued 


Strong 

Weak 

GeoEngineering  PotentialFor 

Influence  Agreements 

Deployment 

Agreement 

USTests 

OthersTest 

0.5 

0.5 

Weak 

Unfavorable 

GoverningRules 

Unilateral 

Unilateral 

0.5 

0.5 

Weak 

Unfavorable 

GoverningRules 

Unilateral 

NoTest 

0.5 

0.5 

Weak 

Unfavorable 

GoverningRules 

NoTest 

Unilateral 

0.5 

0.5 

Weak 

Unfavorable 

GoverningRules 

NoTest 

NoTest 

0.5 

0.5 

Weak 

Unfavorable 

Ban 

Multilateral 

Unilateral 

0.5 

0.5 

Weak 

Unfavorable 

Ban 

Multilateral 

NoTest 

0.5 

0.5 

Weak 

Unfavorable 

Ban 

Unilateral 

Unilateral 

0.5 

0.5 

Weak 

Unfavorable 

Ban 

Unilateral 

NoTest 

0.5 

0.5 

Weak 

Unfavorable 

Ban 

NoTest 

Unilateral 

0.5 

0.5 

Weak 

Unfavorable 

Ban 

NoTest 

NoTest 

0.5 

0.5 

Weak 

Unfavorable 

NoAgreement 

Multilateral 

Unilateral 

0.5 

0.5 

Weak 

Unfavorable 

NoAg  reement 

Multilateral 

NoTest 

0.5 

0.5 

Weak 

Unfavorable 

NoAgreement 

Unilateral 

Unilateral 

0.5 

0.5 

Weak 

Unfavorable 

NoAgreement 

Unilateral 

NoTest 

0.5 

0.5 

Weak 

Unfavorable 

NoAgreement 

NoTest 

Unilateral 

0.5 

0.5 

Weak 

Unfavorable 

NoAgreement 

NoTest 

NoTest 

Table  C.4 

Conditional  Probability  Table:  TestResults 

GlobalSuccess  SuccessforUS 

Successfor 

Others 

GeoEngineering 

Failure  NoResults  Potential  USTests 

OthersTest 

0.9 

0.0125 

0.0125 

0.075  0 

Likely 

Multilateral 

Unilateral 

0.9 

0.0783 

0.0217 

0  0 

Likely 

Multilateral 

NoTest 

0 

0.125 

0.125 

0.75  0 

Likely 

Unilateral 

Unilateral 

0.1 

0.7941 

0.1059 

0  0 

Likely 

Unilateral 

NoTest 

0.1 

0.1059 

0.7941 

0  0 

Likely 

NoTest 

Unilateral 

0 

0 

0 

0  1 

Likely 

NoTest 

NoTest 

0.45 

0.0625 

0.0625 

0.425  0 

Unlikely 

Multilateral 

Unilateral 

0.45 

0.3913 

0.1087 

0.05  0 

Unlikely 

Multilateral 

NoTest 

0 

0.0625 

0.0625 

0.875  0 

Unlikely 

Unilateral 

Unilateral 

0.05 

0.4412 

0.0588 

0.45  0 

Unlikely 

Unilateral 

NoTest 

0.05 

0.0588 

0.4412 

0.45  0 

Unlikely 

NoTest 

Unilateral 

0 

0 

0 

0  1 

Unlikely 

NoTest 

NoTest 
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Table  C.5 

Conditional  Probability  Table:  OthersTest 


Unilateral 

NoTest 

Norms 

0 

1 

Strong 

0.75 

0.25 

Ban 

1 

0 

NoNorm 

Table  C.6 

Conditional  Probability  Table:  OthersDeploy 


Unilateral 

NoDeployment 

ClimateChange 

DeploymentAgreement 

EmissionsReductions 

TestResults 

1 

0 

Catastrophic 

GoverningRules 

Strong 

GlobalSuccess 

0 

1 

Catastrophic 

GoverningRules 

Strong 

SuccessforUS 

1 

0 

Catastrophic 

GoverningRules 

Strong 

SuccessforOthers 

0 

1 

Catastrophic 

GoverningRules 

Strong 

Failure 

1 

0 

Catastrophic 

GoverningRules 

Strong 

NoResults 

1 

0 

Catastrophic 

GoverningRules 

Weak 

GlobalSuccess 

0 

1 

Catastrophic 

GoverningRules 

Weak 

SuccessforUS 

1 

0 

Catastrophic 

GoverningRules 

Weak 

SuccessforOthers 

0 

1 

Catastrophic 

GoverningRules 

Weak 

Failure 

1 

0 

Catastrophic 

GoverningRules 

Weak 

NoResults 

1 

0 

Catastrophic 

Ban 

Strong 

GlobalSuccess 

0 

1 

Catastrophic 

Ban 

Strong 

SuccessforUS 

1 

0 

Catastrophic 

Ban 

Strong 

SuccessforOthers 

0 

1 

Catastrophic 

Ban 

Strong 

Failure 

1 

0 

Catastrophic 

Ban 

Strong 

NoResults 

1 

0 

Catastrophic 

Ban 

Weak 

GlobalSuccess 

0 

1 

Catastrophic 

Ban 

Weak 

SuccessforUS 

1 

0 

Catastrophic 

Ban 

Weak 

SuccessforOthers 

0 

1 

Catastrophic 

Ban 

Weak 

Failure 

1 

0 

Catastrophic 

Ban 

Weak 

NoResults 

1 

0 

Catastrophic 

NoAgreement 

Strong 

GlobalSuccess 

0 

1 

Catastrophic 

NoAgreement 

Strong 

SuccessforUS 

1 

0 

Catastrophic 

NoAgreement 

Strong 

SuccessforOthers 

0 

1 

Catastrophic 

NoAgreement 

Strong 

Failure 

1 

0 

Catastrophic 

NoAgreement 

Strong 

NoResults 

1 

0 

Catastrophic 

NoAgreement 

Weak 

GlobalSuccess 
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Table  C.6 — Continued 


Unilateral 

NoDeployment 

ClimateChange 

DeploymentAgreement 

EmissionsReductions 

TestResults 

0 

1 

Catastrophic 

NoAg  reement 

Weak 

SuccessforUS 

1 

0 

Catastrophic 

NoAg  reement 

Weak 

SuccessforOthers 

0 

1 

Catastrophic 

NoAgreement 

Weak 

Failure 

1 

0 

Catastrophic 

NoAg  reement 

Weak 

NoResults 

0.09375 

0.90625 

Severe 

GoverningRules 

Strong 

GlobalSuccess 

0 

1 

Severe 

GoverningRules 

Strong 

SuccessforUS 

0.1875 

0.8125 

Severe 

GoverningRules 

Strong 

SuccessforOthers 

0 

1 

Severe 

GoverningRules 

Strong 

Failure 

0.0468795 

0.953121 

Severe 

GoverningRules 

Strong 

NoResults 

0.375 

0.625 

Severe 

GoverningRules 

Weak 

GlobalSuccess 

0 

1 

Severe 

GoverningRules 

Weak 

SuccessforUS 

0.75 

0.25 

Severe 

GoverningRules 

Weak 

SuccessforOthers 

0 

1 

Severe 

GoverningRules 

Weak 

Failure 

0.1875 

0.8125 

Severe 

GoverningRules 

Weak 

NoResults 

0.09375 

0.90625 

Severe 

Ban 

Strong 

GlobalSuccess 

0 

1 

Severe 

Ban 

Strong 

SuccessforUS 

0.1875 

0.8125 

Severe 

Ban 

Strong 

SuccessforOthers 

0 

1 

Severe 

Ban 

Strong 

Failure 

0.0468795 

0.953121 

Severe 

Ban 

Strong 

NoResults 

0.375 

0.625 

Severe 

Ban 

Weak 

GlobalSuccess 

0 

1 

Severe 

Ban 

Weak 

SuccessforUS 

0.75 

0.25 

Severe 

Ban 

Weak 

SuccessforOthers 

0 

1 

Severe 

Ban 

Weak 

Failure 

0.1875 

0.8125 

Severe 

Ban 

Weak 

NoResults 

0.125 

0.875 

Severe 

NoAgreement 

Strong 

GlobalSuccess 

0 

1 

Severe 

NoAgreement 

Strong 

SuccessforUS 

0.25 

0.75 

Severe 

NoAgreement 

Strong 

SuccessforOthers 

0 

1 

Severe 

NoAgreement 

Strong 

Failure 

0.0625 

0.9375 

Severe 

NoAgreement 

Strong 

NoResults 

0.5 

0.5 

Severe 

NoAgreement 

Weak 

GlobalSuccess 

0 

1 

Severe 

NoAgreement 

Weak 

SuccessforUS 

1 

0 

Severe 

NoAgreement 

Weak 

SuccessforOthers 

0 

1 

Severe 

NoAgreement 

Weak 

Failure 
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Table  C.6 — Continued 


Unilateral 

NoDeployment 

ClimateChange 

DeploymentAgreement 

EmissionsReductions 

TestResults 

0.25 

0.75 

Severe 

NoAgreement 

Weak 

NoResults 

0 

1 

Mild 

GoverningRules 

Strong 

GlobalSuccess 

0 

1 

Mild 

GoverningRules 

Strong 

SuccessforUS 

0 

1 

Mild 

GoverningRules 

Strong 

SuccessforOthers 

0 

1 

Mild 

GoverningRules 

Strong 

Failure 

0 

1 

Mild 

GoverningRules 

Strong 

NoResults 

0 

1 

Mild 

GoverningRules 

Weak 

GlobalSuccess 

0 

1 

Mild 

GoverningRules 

Weak 

SuccessforUS 

0 

1 

Mild 

GoverningRules 

Weak 

SuccessforOthers 

0 

1 

Mild 

GoverningRules 

Weak 

Failure 

0 

1 

Mild 

GoverningRules 

Weak 

NoResults 

0 

1 

Mild 

Ban 

Strong 

GlobalSuccess 

0 

1 

Mild 

Ban 

Strong 

SuccessforUS 

0 

1 

Mild 

Ban 

Strong 

SuccessforOthers 

0 

1 

Mild 

Ban 

Strong 

Failure 

0 

1 

Mild 

Ban 

Strong 

NoResults 

0 

1 

Mild 

Ban 

Weak 

GlobalSuccess 

0 

1 

Mild 

Ban 

Weak 

SuccessforUS 

0 

1 

Mild 

Ban 

Weak 

SuccessforOthers 

0 

1 

Mild 

Ban 

Weak 

Failure 

0 

1 

Mild 

Ban 

Weak 

NoResults 

0 

1 

Mild 

NoAgreement 

Strong 

GlobalSuccess 

0 

1 

Mild 

NoAgreement 

Strong 

SuccessforUS 

0 

1 

Mild 

NoAgreement 

Strong 

SuccessforOthers 

0 

1 

Mild 

NoAgreement 

Strong 

Failure 

0 

1 

Mild 

NoAgreement 

Strong 

NoResults 

0 

1 

Mild 

NoAgreement 

Weak 

GlobalSuccess 

0 

1 

Mild 

NoAgreement 

Weak 

SuccessforUS 

0 

1 

Mild 

NoAgreement 

Weak 

SuccessforOthers 

0 

1 

Mild 

NoAgreement 

Weak 

Failure 

0 

1 

Mild 

NoAgreement 

Weak 

NoResults 
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Table  C.7 

Conditional  Probability  Table:  USTests 


Multilateral 

Unilateral 

NoTest 

Norms 

1 

0 

0 

Strong 

0 

0 

1 

Ban 

0.5 

0.5 

0 

NoNorm 

Table  C.8 

Conditional  Probability  Table:  DeploymentResults 


GlobalSuccess 

SuccessforUS 

SuccessforOthers 

Failure 

NoResults 

1 

0 

0 

0 

0 

1 

0 

0 

0 

0 

0 

0.25 

0.25 

0.5 

0 

0 

0.42857 

0.57143 

0 

0 

0 

0.57143 

0.42857 

0 

0 

0 

0 

0 

0 

1 

1 

0 

0 

0 

0 

1 

0 

0 

0 

0 

0 

0.45455 

0.04545 

0.5 

0 

0 

0.98684 

0.01316 

0 

0 

0 

0.57143 

0.42857 

0 

0 

0 

0 

0 

0 

1 

1 

0 

0 

0 

0 

1 

0 

0 

0 

0 

0 

0.04545 

0.45455 

0.5 

0 

0 

0.42857 

0.57143 

0 

0 

0 

0.01316 

0.98684 

0 

0 

0 

0 

0 

0 

1 

0.1 

0.045 

0.045 

0.81 

0 

0.1 

0.045 

0.045 

0.81 

0 

0 

0.025 

0.025 

0.95 

0 

lineeringPotential  TestResults 

USDeploys 

OthersDeploy 

Likely 

GlobalSuccess 

Multilateral 

Unilateral 

Likely 

GlobalSuccess 

Multilateral 

NoDeployment 

Likely 

GlobalSuccess 

Unilateral 

Unilateral 

Likely 

GlobalSuccess 

Unilateral 

NoDeployment 

Likely 

GlobalSuccess 

NoDeployment 

Unilateral 

Likely 

GlobalSuccess 

NoDeployment 

NoDeployment 

Likely 

SuccessforUS 

Multilateral 

Unilateral 

Likely 

SuccessforUS 

Multilateral 

NoDeployment 

Likely 

SuccessforUS 

Unilateral 

Unilateral 

Likely 

SuccessforUS 

Unilateral 

NoDeployment 

Likely 

SuccessforUS 

NoDeployment 

Unilateral 

Likely 

SuccessforUS 

NoDeployment 

NoDeployment 

Likely 

SuccessforOthers 

Multilateral 

Unilateral 

Likely 

SuccessforOthers 

Multilateral 

NoDeployment 

Likely 

SuccessforOthers 

Unilateral 

Unilateral 

Likely 

SuccessforOthers 

Unilateral 

NoDeployment 

Likely 

SuccessforOthers 

NoDeployment 

Unilateral 

Likely 

SuccessforOthers 

NoDeployment 

NoDeployment 

Likely 

Failure 

Multilateral 

Unilateral 

Likely 

Failure 

Multilateral 

NoDeployment 

Likely 

Failure 

Unilateral 

Unilateral 
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Table  C.8 — Continued 


GlobalSuccess 

SuccessforllS 

SuccessforOthers 

Failure 

NoResults 

0 

0.04286 

0.05714 

0.9 

0 

0 

0.05714 

0.04286 

0.9 

0 

0 

0 

0 

0 

1 

0.3 

0.105 

0.105 

0.49 

0 

0.3 

0.105 

0.105 

0.49 

0 

0 

0.075 

0.075 

0.85 

0 

0 

0.12857 

0.17143 

0.7 

0 

0 

0.17143 

0.12857 

0.7 

0 

0 

0 

0 

0 

1 

0.25 

0.125 

0.125 

0.5 

0 

0.25 

0.125 

0.125 

0.5 

0 

0 

0.0625 

0.0625 

0.875 

0 

0 

0.10714 

0.14286 

0.75 

0 

0 

0.14286 

0.10714 

0.75 

0 

0 

0 

0 

0 

1 

0.25 

0.125 

0.125 

0.5 

0 

0.25 

0.125 

0.125 

0.5 

0 

0 

0.11364 

0.01136 

0.875 

0 

0 

0.24671 

0.00329 

0.75 

0 

0 

0.14286 

0.10714 

0.75 

0 

0 

0 

0 

0 

1 

0.25 

0.125 

0.125 

0.5 

0 

GeoEngineeringPotential  TestResults 


USDeploys 


OthersDeploy 


Likely 

Failure 

Likely 

Failure 

Likely 

Failure 

Likely 

NoResults 

Likely 

NoResults 

Likely 

NoResults 

Likely 

NoResults 

Likely 

NoResults 

Likely 

NoResults 

Unlikely 

GlobalSuccess 

Unlikely 

GlobalSuccess 

Unlikely 

GlobalSuccess 

Unlikely 

GlobalSuccess 

Unlikely 

GlobalSuccess 

Unlikely 

GlobalSuccess 

Unlikely 

SuccessforUS 

Unlikely 

SuccessforUS 

Unlikely 

SuccessforUS 

Unlikely 

SuccessforUS 

Unlikely 

SuccessforUS 

Unlikely 

SuccessforUS 

Unlikely 

SuccessforOthers 

Unilateral 

NoDeployment 

NoDeployment 

Unilateral 

NoDeployment 

NoDeployment 

Multilateral 

Unilateral 

Multilateral 

NoDeployment 

Unilateral 

Unilateral 

Unilateral 

NoDeployment 

NoDeployment 

Unilateral 

NoDeployment 

NoDeployment 

Multilateral 

Unilateral 

Multilateral 

NoDeployment 

Unilateral 

Unilateral 

Unilateral 

NoDeployment 

NoDeployment 

Unilateral 

NoDeployment 

NoDeployment 

Multilateral 

Unilateral 

Multilateral 

NoDeployment 

Unilateral 

Unilateral 

Unilateral 

NoDeployment 

NoDeployment 

Unilateral 

NoDeployment 

NoDeployment 

Multilateral 

Unilateral 
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Table  C.8 — Continued 


GlobalSuccess 

SuccessforllS 

SuccessforOthers 

Failure 

NoResults 

GeoEngineeringPotential 

TestResults 

USDeploys 

OthersDeploy 

0.25 

0.125 

0.125 

0.5 

0 

Unlikely 

SuccessforOthers 

Multilateral 

NoDeployment 

0 

0.01136 

0.11364 

0.875 

0 

Unlikely 

SuccessforOthers 

Unilateral 

Unilateral 

0 

0.10714 

0.14286 

0.75 

0 

Unlikely 

SuccessforOthers 

Unilateral 

NoDeployment 

0 

0.00329 

0.24671 

0.75 

0 

Unlikely 

SuccessforOthers 

NoDeployment 

Unilateral 

0 

0 

0 

0 

1 

Unlikely 

SuccessforOthers 

NoDeployment 

NoDeployment 

0.025 

0.0125 

0.0125 

0.95 

0 

Unlikely 

Failure 

Multilateral 

Unilateral 

0.025 

0.0125 

0.0125 

0.95 

0 

Unlikely 

Failure 

Multilateral 

NoDeployment 

0 

0.00625 

0.00625 

0.9875 

0 

Unlikely 

Failure 

Unilateral 

Unilateral 

0 

0.01071 

0.01429 

0.975 

0 

Unlikely 

Failure 

Unilateral 

NoDeployment 

0 

0.01429 

0.01071 

0.975 

0 

Unlikely 

Failure 

NoDeployment 

Unilateral 

0 

0 

0 

0 

1 

Unlikely 

Failure 

NoDeployment 

NoDeployment 

0.075 

0.0375 

0.0375 

0.85 

0 

Unlikely 

NoResults 

Multilateral 

Unilateral 

0.075 

0.0375 

0.0375 

0.85 

0 

Unlikely 

NoResults 

Multilateral 

NoDeployment 

0 

0.01875 

0.01875 

0.9625 

0 

Unlikely 

NoResults 

Unilateral 

Unilateral 

0 

0.03214 

0.04286 

0.925 

0 

Unlikely 

NoResults 

Unilateral 

NoDeployment 

0 

0.04286 

0.03214 

0.925 

0 

Unlikely 

NoResults 

NoDeployment 

Unilateral 

0 

0 

0 

0 

1 

Unlikely 

NoResults 

NoDeployment 

NoDeployment 
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Table  C.9 

Conditional  Probability  Table:  ClimatelmpactsUS 


High 

Low 

EmissionsReductions 

ClimateChange 

DeploymentResults 

0.125 

0.875 

Strong 

Catastrophic 

GlobalSuccess 

0.125 

0.875 

Strong 

Catastrophic 

SuccessforUS 

1 

0 

Strong 

Catastrophic 

SuccessforOthers 

1 

0 

Strong 

Catastrophic 

Failure 

0.25 

0.75 

Strong 

Catastrophic 

NoResults 

0.0625 

0.9375 

Strong 

Severe 

GlobalSuccess 

0.0625 

0.9375 

Strong 

Severe 

SuccessforUS 

1 

0 

Strong 

Severe 

SuccessforOthers 

1 

0 

Strong 

Severe 

Failure 

0.125 

0.875 

Strong 

Severe 

NoResults 

0 

1 

Strong 

Mild 

GlobalSuccess 

0 

1 

Strong 

Mild 

SuccessforUS 

1 

0 

Strong 

Mild 

SuccessforOthers 

1 

0 

Strong 

Mild 

Failure 

0 

1 

Strong 

Mild 

NoResults 

0.5 

0.5 

Weak 

Catastrophic 

GlobalSuccess 

0.5 

0.5 

Weak 

Catastrophic 

SuccessforUS 

1 

0 

Weak 

Catastrophic 

SuccessforOthers 

1 

0 

Weak 

Catastrophic 

Failure 

1 

0 

Weak 

Catastrophic 

NoResults 

0.25 

0.75 

Weak 

Severe 

GlobalSuccess 

0.25 

0.75 

Weak 

Severe 

SuccessforUS 

1 

0 

Weak 

Severe 

SuccessforOthers 

1 

0 

Weak 

Severe 

Failure 

0.5 

0.5 

Weak 

Severe 

NoResults 

0 

1 

Weak 

Mild 

GlobalSuccess 

0 

1 

Weak 

Mild 

SuccessforUS 

1 

0 

Weak 

Mild 

SuccessforOthers 

1 

0 

Weak 

Mild 

Failure 

0 

1 

Weak 

Mild 

NoResults 
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Table  C.10 

Conditional  Probability  Table:  CollateralDamage 


High 

Low 

EmissionsReductions 

ClimateChange 

DeploymentResults 

0.125 

0.875 

Strong 

Catastrophic 

GlobalSuccess 

1 

0 

Strong 

Catastrophic 

SuccessforUS 

1 

0 

Strong 

Catastrophic 

SuccessforOthers 

1 

0 

Strong 

Catastrophic 

Failure 

0.25 

0.75 

Strong 

Catastrophic 

NoResults 

0.0625 

0.9375 

Strong 

Severe 

GlobalSuccess 

1 

0 

Strong 

Severe 

SuccessforUS 

1 

0 

Strong 

Severe 

SuccessforOthers 

1 

0 

Strong 

Severe 

Failure 

0.125 

0.875 

Strong 

Severe 

NoResults 

0 

1 

Strong 

Mild 

GlobalSuccess 

1 

0 

Strong 

Mild 

SuccessforUS 

1 

0 

Strong 

Mild 

SuccessforOthers 

1 

0 

Strong 

Mild 

Failure 

0 

1 

Strong 

Mild 

NoResults 

0.5 

0.5 

Weak 

Catastrophic 

GlobalSuccess 

1 

0 

Weak 

Catastrophic 

SuccessforUS 

1 

0 

Weak 

Catastrophic 

SuccessforOthers 

1 

0 

Weak 

Catastrophic 

Failure 

1 

0 

Weak 

Catastrophic 

NoResults 

0.25 

0.75 

Weak 

Severe 

GlobalSuccess 

1 

0 

Weak 

Severe 

SuccessforUS 

1 

0 

Weak 

Severe 

SuccessforOthers 

1 

0 

Weak 

Severe 

Failure 

0.5 

0.5 

Weak 

Severe 

NoResults 

0 

1 

Weak 

Mild 

GlobalSuccess 

1 

0 

Weak 

Mild 

SuccessforUS 

1 

0 

Weak 

Mild 

SuccessforOthers 

1 

0 

Weak 

Mild 

Failure 

0 

1 

Weak 

Mild 

NoResults 
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Table  C.11 

Conditional  Probability  Table:  Conflict 


State 

ClimatelmpactsUS 

ClimatelmpactsOthers 

CollateralDamage 

DeploymentResults 

Low 

High 

High 

High 

GlobalSuccess 

Low 

High 

High 

High 

SuccessforUS 

Low 

High 

High 

High 

SuccessforOthers 

High 

High 

High 

High 

Failure 

Low 

High 

High 

High 

NoResults 

Low 

High 

High 

Low 

GlobalSuccess 

Low 

High 

High 

Low 

SuccessforUS 

Low 

High 

High 

Low 

SuccessforOthers 

High 

High 

High 

Low 

Failure 

Low 

High 

High 

Low 

NoResults 

High 

High 

Low 

High 

GlobalSuccess 

High 

High 

Low 

High 

SuccessforUS 

High 

High 

Low 

High 

SuccessforOthers 

High 

High 

Low 

High 

Failure 

Low 

High 

Low 

High 

NoResults 

High 

High 

Low 

Low 

GlobalSuccess 

High 

High 

Low 

Low 

SuccessforUS 

High 

High 

Low 

Low 

SuccessforOthers 

High 

High 

Low 

Low 

Failure 

Low 

High 

Low 

Low 

NoResults 

High 

Low 

High 

High 

GlobalSuccess 

High 

Low 

High 

High 

SuccessforUS 

High 

Low 

High 

High 

SuccessforOthers 

High 

Low 

High 

High 

Failure 

Low 

Low 

High 

High 

NoResults 

High 

Low 

High 

Low 

GlobalSuccess 

High 

Low 

High 

Low 

SuccessforUS 

High 

Low 

High 

Low 

SuccessforOthers 

High 

Low 

High 

Low 

Failure 

Low 

Low 

High 

Low 

NoResults 

Low 

Low 

Low 

High 

GlobalSuccess 

Low 

Low 

Low 

High 

SuccessforUS 

Low 

Low 

Low 

High 

SuccessforOthers 
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Table  C.11 — Continued 


State 

ClimatelmpactsUS 

ClimatelmpactsOthers 

CollateralDamage 

DeploymentResults 

High 

Low 

Low 

High 

Failure 

Low 

Low 

Low 

High 

NoResults 

Low 

Low 

Low 

Low 

GlobalSuccess 

Low 

Low 

Low 

Low 

SuccessforUS 

Low 

Low 

Low 

Low 

SuccessforOthers 

High 

Low 

Low 

Low 

Failure 

Low 

Low 

Low 

Low 

NoResults 
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Table  C.12 

Conditional  Probability  Table:  ClimatelmpactsOthers 


High 

Low 

EmissionsReductions 

ClimateChange 

DeploymentResults 

0.125 

0.875 

Strong 

Catastrophic 

GlobalSuccess 

1 

0 

Strong 

Catastrophic 

SuccessforUS 

0.125 

0.875 

Strong 

Catastrophic 

SuccessforOthers 

1 

0 

Strong 

Catastrophic 

Failure 

0.25 

0.75 

Strong 

Catastrophic 

NoResults 

0.0625 

0.9375 

Strong 

Severe 

GlobalSuccess 

1 

0 

Strong 

Severe 

SuccessforUS 

0.0625 

0.9375 

Strong 

Severe 

SuccessforOthers 

1 

0 

Strong 

Severe 

Failure 

0.125 

0.875 

Strong 

Severe 

NoResults 

0 

1 

Strong 

Mild 

GlobalSuccess 

1 

0 

Strong 

Mild 

SuccessforUS 

0 

1 

Strong 

Mild 

SuccessforOthers 

1 

0 

Strong 

Mild 

Failure 

0 

1 

Strong 

Mild 

NoResults 

0.5 

0.5 

Weak 

Catastrophic 

GlobalSuccess 

1 

0 

Weak 

Catastrophic 

SuccessforUS 

0.5 

0.5 

Weak 

Catastrophic 

SuccessforOthers 

1 

0 

Weak 

Catastrophic 

Failure 

1 

0 

Weak 

Catastrophic 

NoResults 

0.25 

0.75 

Weak 

Severe 

GlobalSuccess 

1 

0 

Weak 

Severe 

SuccessforUS 

0.25 

0.75 

Weak 

Severe 

SuccessforOthers 

1 

0 

Weak 

Severe 

Failure 

0.5 

0.5 

Weak 

Severe 

NoResults 

0 

1 

Weak 

Mild 

GlobalSuccess 

1 

0 

Weak 

Mild 

SuccessforUS 

0 

1 

Weak 

Mild 

SuccessforOthers 

1 

0 

Weak 

Mild 

Failure 

0 

1 

Weak 

Mild 

NoResults 

Table  C.13 

Conditional  Probability  Table:  USDeploys 


Multilateral 

Unilateral 

NoDeployment 

ClimateChange 

1 

0 

0 

Catastrophic 

0 

1 

0 

Catastrophic 

0 

0 

1 

Catastrophic 

0 

0 

1 

Catastrophic 

0 

1 

0 

Catastrophic 

1 

0 

0 

Catastrophic 

0 

1 

0 

Catastrophic 

0 

0 

1 

Catastrophic 

0 

0 

1 

Catastrophic 

0 

1 

0 

Catastrophic 

0 

1 

0 

Catastrophic 

0 

1 

0 

Catastrophic 

0 

0 

1 

Catastrophic 

0 

0 

1 

Catastrophic 

0 

1 

0 

Catastrophic 

0 

1 

0 

Catastrophic 

0 

1 

0 

Catastrophic 

0 

0 

1 

Catastrophic 

0 

0 

1 

Catastrophic 

0 

1 

0 

Catastrophic 

0 

1 

0 

Catastrophic 

DeploymentAgreement 

EmissionsReductions 

TestResults 

GoverningRules 

Strong 

GlobalSuccess 

GoverningRules 

Strong 

SuccessforUS 

GoverningRules 

Strong 

SuccessforOthers 

GoverningRules 

Strong 

Failure 

GoverningRules 

Strong 

NoResults 

GoverningRules 

Weak 

GlobalSuccess 

GoverningRules 

Weak 

SuccessforUS 

GoverningRules 

Weak 

SuccessforOthers 

GoverningRules 

Weak 

Failure 

GoverningRules 

Weak 

NoResults 

Ban 

Strong 

GlobalSuccess 

Ban 

Strong 

SuccessforUS 

Ban 

Strong 

SuccessforOthers 

Ban 

Strong 

Failure 

Ban 

Strong 

NoResults 

Ban 

Weak 

GlobalSuccess 

Ban 

Weak 

SuccessforUS 

Ban 

Weak 

SuccessforOthers 

Ban 

Weak 

Failure 

Ban 

Weak 

NoResults 

NoAgreement 

Strong 

GlobalSuccess 
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Table  C.13 — Continued 


Multilateral 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0.25 

0 

0 

0 

0 

1 

0 

0 

0 

0 

0 

0 


Unilateral 

NoDeployment 

ClimateChange 

1 

0 

Catastrophic 

0 

1 

Catastrophic 

0 

1 

Catastrophic 

1 

0 

Catastrophic 

1 

0 

Catastrophic 

1 

0 

Catastrophic 

0 

1 

Catastrophic 

0 

1 

Catastrophic 

1 

0 

Catastrophic 

0 

0.75 

Severe 

0 

1 

Severe 

0 

1 

Severe 

0 

1 

Severe 

0 

1 

Severe 

0 

0 

Severe 

0 

1 

Severe 

0 

1 

Severe 

0 

1 

Severe 

0 

1 

Severe 

0 

1 

Severe 

0 

1 

Severe 

0 

1 

Severe 

0 


DeploymentAgreement 

EmissionsReductions 

TestResults 

NoAgreement 

Strong 

SuccessforUS 

NoAgreement 

Strong 

SuccessforOthers 

NoAgreement 

Strong 

Failure 

NoAgreement 

Strong 

NoResults 

NoAgreement 

Weak 

GlobalSuccess 

NoAgreement 

Weak 

SuccessforUS 

NoAgreement 

Weak 

SuccessforOthers 

NoAgreement 

Weak 

Failure 

NoAgreement 

Weak 

NoResults 

GoverningRules 

Strong 

GlobalSuccess 

GoverningRules 

Strong 

SuccessforUS 

GoverningRules 

Strong 

SuccessforOthers 

GoverningRules 

Strong 

Failure 

GoverningRules 

Strong 

NoResults 

GoverningRules 

Weak 

GlobalSuccess 

GoverningRules 

Weak 

SuccessforUS 

GoverningRules 

Weak 

SuccessforOthers 

GoverningRules 

Weak 

Failure 

GoverningRules 

Weak 

NoResults 

Ban 

Strong 

GlobalSuccess 

Ban 

Strong 

SuccessforUS 

Ban 

Strong 

SuccessforOthers 
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Table  C.13 — Continued 


Multilateral 

Unilateral 

NoDeployment 

ClimateChange 

0 

0 

1 

Severe 

0 

0 

1 

Severe 

0 

0 

1 

Severe 

0 

0 

1 

Severe 

0 

0 

1 

Severe 

0 

0 

1 

Severe 

0 

0 

1 

Severe 

0.125 

0.25 

0.625 

Severe 

0 

0.1875 

0.8125 

Severe 

0 

0 

1 

Severe 

0 

0 

1 

Severe 

0 

0.0625 

0.9375 

Severe 

0.5 

0.5 

0 

Severe 

0 

0.75 

0.25 

Severe 

0 

0 

1 

Severe 

0 

0 

1 

Severe 

0 

0.25 

0.75 

Severe 

0 

0 

1 

Mild 

0 

0 

1 

Mild 

0 

0 

1 

Mild 

0 

0 

1 

Mild 

0 

0 

1 

Mild 

DeploymentAgreement 

EmissionsReductions 

TestResults 

Ban 

Strong 

Failure 

Ban 

Strong 

NoResults 

Ban 

Weak 

GlobalSuccess 

Ban 

Weak 

SuccessforUS 

Ban 

Weak 

SuccessforOthers 

Ban 

Weak 

Failure 

Ban 

Weak 

NoResults 

NoAgreement 

Strong 

GlobalSuccess 

NoAgreement 

Strong 

SuccessforUS 

NoAgreement 

Strong 

SuccessforOthers 

NoAgreement 

Strong 

Failure 

NoAgreement 

Strong 

NoResults 

NoAgreement 

Weak 

GlobalSuccess 

NoAgreement 

Weak 

SuccessforUS 

NoAgreement 

Weak 

SuccessforOthers 

NoAgreement 

Weak 

Failure 

NoAgreement 

Weak 

NoResults 

GoverningRules 

Strong 

GlobalSuccess 

GoverningRules 

Strong 

SuccessforUS 

GoverningRules 

Strong 

SuccessforOthers 

GoverningRules 

Strong 

Failure 

GoverningRules 

Strong 

NoResults 
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Table  C.13 — Continued 


Multilateral 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 


Unilateral 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 


NoDeployment 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 


ClimateChange 

Mild 

Mild 

Mild 

Mild 

Mild 

Mild 

Mild 

Mild 

Mild 

Mild 

Mild 

Mild 

Mild 

Mild 

Mild 

Mild 

Mild 

Mild 

Mild 

Mild 

Mild 

Mild 


0 


DeploymentAgreement  EmissionsReductions 


TestResults 


GoverningRules 

Weak 

GlobalSuccess 

GoverningRules 

Weak 

SuccessforUS 

GoverningRules 

Weak 

SuccessforOthers 

GoverningRules 

Weak 

Failure 

GoverningRules 

Weak 

NoResults 

Ban 

Strong 

GlobalSuccess 

Ban 

Strong 

SuccessforUS 

Ban 

Strong 

SuccessforOthers 

Ban 

Strong 

Failure 

Ban 

Strong 

NoResults 

Ban 

Weak 

GlobalSuccess 

Ban 

Weak 

SuccessforUS 

Ban 

Weak 

SuccessforOthers 

Ban 

Weak 

Failure 

Ban 

Weak 

NoResults 

NoAgreement 

Strong 

GlobalSuccess 

NoAgreement 

Strong 

SuccessforUS 

NoAgreement 

Strong 

SuccessforOthers 

NoAgreement 

Strong 

Failure 

NoAgreement 

Strong 

NoResults 

NoAgreement 

Weak 

GlobalSuccess 

NoAgreement 

Weak 

SuccessforUS 

VJ 
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Table  C.13 — Continued 


Multilateral 

Unilateral 

NoDeployment 

ClimateChange 

DeploymentAgreement 

EmissionsReductions 

TestResults 

0 

0 

1 

Mild 

NoAgreement 

Weak 

SuccessforOthers 

0 

0 

1 

Mild 

NoAgreement 

Weak 

Failure 

0 

0 

1 

Mild 

NoAgreement 

Weak 

NoResults 
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